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Organic Materials
α-NPD: N,N’-diphenyl-N,N’-bis(1-naphthylphenyl)-1,1’-biphenyl-4,4’-diamine
Alq3: tris-(8-hydroxyquinoline) aluminum
BAlq: aluminum(III)bis(2-methyl-8-quinolinato)4-phenylphenolate
BE1: N/A
BH1: N/A
BPhen: 4,7-diphenyl-1,10-phenanthroline
CBP: 4,4’-bis(carbazol-9-yl)-biphenyl
CuPc: copper phthalocyanine
F4TCNQ: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane
FIrpic: iridium(III)-bis[(4,6-difluorophenyl)pyridinato-N,C2′ ]
HIM1: N/A
Ir(ppy)3: tris-(phenyl-pyridyl)-Ir
PD1: N/A
PH1: N/A
PTCBI: 3,4,9,10-perylenetetracarboxylic bis-benzimidazole
RE1: N/A
TPBI: 1,3,5-tris-(N-phenylbenzimidazol-2-yl)benzene
TPD: N,N’-bis(3-methylphenyl)-N,N’-bis(phenyl)-benzidine
For some organic materials, the chemical denotation is given as ’N/A’. In this case,
the details were known to the author but cannot be published due to non-disclosure
agreements. These materials are abbreviated with names indicating their purpose. ’BE’
means blue emitter, ’BH’ blue host, ’HIM’ hole injection material, ’PD’ p-dopant, ’PH’
phosphorescent host, and ’RE’ red emitter.
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List of Abbreviations
AFM: atomic force microscopy
Al: aluminum
a.u.: arbitrary units
CCS: close coupled showerhead
CFD: computational fluid dynamic
CIE: Commission Internationale del’Eclairage
CoO: cost of ownership
CRI: color rendering index
CV: cyclic voltammetry
D.I.: de-ionized
DoE: design of experiments
DSC: differential scanning calorimetry
DtD: day-to-day
EL: electroluminescence
EML: emission layer
EQE: external quantum efficiency
ETL: electron transport layer
ETM: electron transport material
HBL: hole blocking layer
HID: high-intensity discharge
HIL: hole injection layer
HPLC: high performance liquid chromatography
HOMO: highest occupied molecular orbital
HTL: hole transport layer
HTM: hole transport material
IP: ionization potential
ITO: indium tin oxide
I-V: current/voltage
I-V-L: current/voltage/luminance
LED: light emitting diode
LiF: lithium fluoride
LUMO: lowest unoccupied molecular orbital
MFC: mass flow controller
MoOx: molybdenum oxide
N2: nitrogen
OLED: organic light emitting diode
OVPD: organic vapor phase deposition
PL: photoluminescence
RL: runline
rms: root mean square
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rpm: rounds per minute
RT: room temperature
RtR: run-to-run
SCLC: space charge limited conduction
SEE: secondary electron emission
Si: silicon
SSL: solid state lighting
TA: thermal analysis
TC: thermo couple
TCO: transparent conductive oxide
UPS: ultraviolet photoelectron spectroscopy
UV: ultraviolet
VBM: valence band maximum
VTE: vacuum thermal evaporation
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1 Introduction and Motivation
The invention of the electrical generation of light 150 years ago by Thomas Swan changed
the world fundamentally. Before, the circadian rhythm was determined by the natural
light of the sun. All of a sudden, it became possible to bring light into the darkness
without being dependent on the weak light of candles or paraffin lamps. Ever since,
electrical light sources play a crucial role in modern society. In the early 20th century,
the technology of fluorescent tubes was introduced in addition to incandescent bulbs.
However, until today both these light sources comprise several disadvantages. The most
fundamental deficiency of incandescent bulbs surely is their very low efficiency of about
15 lm/W, which results in a high amount of lost heat. Furthermore, their lifetime is
limited to 1000-2000 hours. Due to this, they have to be replaced frequently and also
can pose a safety risk if they are employed in traffic lights, for example.
Fluorescent lights, however, offer a high efficiency of about 90 lm/W. Nevertheless, the
unfavorable design limits their popularity especially in the private environment. In ad-
dition to this, compact fluorescent lights require a certain time until they reach their
full brightness. Another disadvantage is the fact that fluorescent tubes mostly contain
mercury, which leads to environmental problems if they brake or are improperly disposed.
A universal light source has to fulfill a couple of requirements for different applications.
The brightness and chromaticity should be tunable by the manufacturer and in addition
to this, it should offer maximum flexibility in regard to the design. This means, in the
ideal case, shape, color and appearance should be arbitrary while the light source is thin
and of light weight. Furthermore, a high efficiency in order to save energy and minimize
the heat loss is required for almost every application. Obviously, all these requirements
together cannot be fulfilled by fluorescent tubes, energy saving lamps and even less by
incandescent bulbs.
A solution to this problem is the physical effect of electroluminescence (EL), which is
the direct conversion of current to light. This concept is applied in light emitting diodes
(LED). Especially organic LED (OLED) offer the potential to achieve all requirements of
a universal light source as described above. In regard to lighting, OLED have tremen-
dous advantages: They are thin, lightweight and generate a diffusive light which does
not create sharp transitions from bright to dark areas. These properties do not only
render OLED as promising candidates for general lighting, but also for applications such
as signage, decorative lighting or automotive interior lighting. In theory, OLED can be
manufactured in arbitrary shapes. In combination with a multitude of possible colors or
even the dynamic tuning of the emission color, they are ideal solutions for advertising
applications. Additionally, the lighting conditions could be adaptable according to the
13
current desires of the user.
Last but not least, OLED possess an enormous energy saving potential. It is generally
acknowledged that OLED, in principle, have the capability to exceed the efficiencies of
modern fluorescent tubes. This would result in a more economic consumption of en-
ergy and thus, direct benefit for the environment. During the manufacturing process, no
heavy metals are required and the glass or plastic foil which is used as a substrate can
be fully recycled. Therefore, OLED are promising candidates to substitute conventional
light sources in many areas of application. Nevertheless, some challenges have to be
mastered before OLED are ready for the introduction into the market.
Many research groups worldwide are working on the improvement of OLED efficien-
cies, especially for white emitting devices. Other important aspects for OLED are their
reliability and lifetime. These can be advanced by optimizing the charge carrier balance in
the devices, the development of novel organic materials or the improvement of encapsula-
tion technologies. In regard to the conception of pre-pilot systems for the manufacturing
of devices on an industrial scale, the evaluation of different deposition technologies is a
fundamental matter.
In this work, the technology of organic vapor phase deposition (OVPD), which was in-
vented by Prof. S. Forrest at Princeton University, is investigated. Here, the final goal
is to produce white emitting devices for lighting applications and the fitness of the gas
phase production technology in regard to this target is evaluated. For this purpose,
monochrome and white emitting devices as well as organic single layers were fabricated.
Due to the fact that OVPD is a relatively young technology compared to the established
vacuum thermal evaporation (VTE), a primary goal of this work was to generate an un-
derstanding in regard to the impact of various process parameters on the performance of
OLED. While for VTE systems, the tunable process parameters are mostly limited to the
deposition rate, OVPD offers several precisely adjustable parameters such as deposition
chamber pressure, substrate temperature and carrier gas flow. As of today, the influence
of these variables on the organic thin films and devices is vastly unknown. The impact of
various parameters during the gas phase deposition process was investigated in this work
and in addition to this, crucial technological aspects for OVPD systems were identified.
In the theoretical Chapters 2, 3, 4, the benefits and requirements of OLED for dif-
ferent applications are described. In the following, the injection and transport of charge
carriers in organic materials is explained. Chapter 5 includes a principal explanation of
the OVPD and elaborates on the general aspects of the gas phase deposition process. A
short description of the deposition system setup is given in Chapter 6 before the utilized
organic materials as well as the stability of the OVPD process are evaluated in Chapter
7. Preliminary device development on long-living blue OLED was conducted on a VTE
system and is presented in Chapter 8. In the following part, the blue emitting device stack
is transferred to the OVPD system and the impact of different process parameters on
the device performance investigated. Beside this, phosphorescent red and green OLED
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were produced by OVPD and the results will be described in Chapter 9 in detail. Chapter
10 deals with hybrid white emitting devices, Chapter 11 with electrical p-type doping in
the OVPD system. The experimental part is concluded by a chapter in which potential
technological improvements will be described, followed by the summary and conclusion
of this work.
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2 OLED - Benefits, Applications and
Requirements
Organic EL first attracted the attention of researchers in the 1960s because of its poten-
tially high quantum efficiency as well as its ability to generate a wide variety of colors. At
this point of time, the high operating voltages of more than 1000 V prevented its practical
application. This changed with the ground-breaking work of Tang and van Slyke from
Eastman Kodak in 1987, in which they introduced a two-layer heterostructure which was
capable of emitting light at voltages below 10 V [1, 2]. In 1990, electroluminescence
from conjugated polymers was discovered [3]. Since then, OLED with efficiencies which
surpass incandescent lighting could be demonstrated and future device performance is
supposed to be comparable to or even better than fluorescent lamps.
Until today, the commercially available sources of light are relatively inefficient. At
present, only about 30% of the energy consumed for general illumination is used to
generate light while the rest is wasted as heat. Incandescent lamps consume 45% of
all lighting energy and yet produce only 14% of the total generated light, measured in
lumens [4]. Current light sources have reached technological maturity and therefore,
new lighting technologies are necessary. Solid state lighting (SSL), which includes LED
as well as OLED, has the potential to replace outdated illuminants. Because LED are
point sources of very high brightness, they are more suitable for applications such as
street lamps, reading lamps, or spotlights. OLED, on the other hand, are large-area light
sources which emit a diffusive light at medium brightness which makes them interesting
for interior lighting. In this chapter, the benefits and possible applications for OLED and
corresponding requirements for the identified applications are described.
2.1 Benefits of OLED
Over the last 30-50 years, little progress has been made in regard to the energy efficiency
of conventional light sources. One of the new technologies which has the potential
of becoming more efficient than the existing ones is the SSL technology of OLED. It
is expected that the amount of energy needed to generate the same amount of light
can be reduced by up to 50% with OLED, which would mean savings of approximately
25 Billion USD per year for the USA alone [5]. Nevertheless, it will primarily be the
price breakthrough which will facilitate the market penetration [4]. In other words, the
market will not accept SSL, even though technological advances may lead to significant
reduction of energy, unless the costs are reduced as well. As of today, incandescent
16
2.2. APPLICATIONS AND REQUIREMENTS
light bulbs dominate the residential lighting market, where the initial costs are the key
driver. Fluorescent lamps are used in the commercial sector, where the combined costs
of lighting fixtures and the consumed energy are the principal motivation.
OLED have the potential of being large-area, white emitting light sources which are
• bright, power-efficient, long-living with a pleasing white light
• thin, lightweight, rugged
• inexpensive
A comparison of OLED and commercially available light sources is given in Table 2.1.
Table 2.1: Qualitative comparison of light sources [4]. (1=best, 5=worst)
Type Efficiency Lifetime CRI Glare Cost of Cost of
manuf. operation
Incandescent 5 5 1 5 1 5
Fluorescent 2 1 2 4 4 3
HID 2 1 4 5 2 2
Future OLED 1 1 1 1 1 1
The efficiency, lifetime, color rendering index (CRI), glare, cost of manufacturing and
cost of operation are compared for incandescent as well as fluorescent light sources, high-
intensity discharge (HID) lamps and potential future OLED. The qualitative comparison
is based on the assumption that the development of OLED is successful. Nevertheless,
it can be seen that OLED have the potential to prevail in all important categories. In
the following, a more differentiated look will be taken at different lighting applications of
OLED and their requirements.
2.2 Applications and Requirements
Today, OLED are only commercially available as small active-matrix portable displays,
for example in mobile phones and MP3 players. Prototypes of larger OLED displays
have been shown at exhibitions, e.g. by Sony and Samsung. Until today, there is no
commercially available OLED for lighting applications. This section deals with possible
applications for OLED as illuminants. Data was taken from an internal Philips Lighting
report.
General lighting refers to all illumination applications, indoor as well as outdoor. A
basic feature of these applications is a high brightness. The needs of customers in this
market are usually lower utility costs, reduction of maintenance as well as disposal costs.
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Requirements, of course, differ for the various segments but usually, specifications are be-
tween 1,000 and 20,000 lm, mainly in white color, with an efficiency of about 100 lm/W
at a lifetime of 8,000-24,000 hours.
In the sector of general lighting, cost leadership is the strategy followed by most compa-
nies. Products are mainly similar and companies therefore compete on price level. The
novel technology of OLED presently requires enormous investments which means the
production prices of the products are currently too high to successfully introduce them
into the market. For other applications, OLED will start to penetrate the market earlier
either due to reduced performance requirements or due to specific circumstances of the
application. The first refers to signalling or decorative purposes, for example, the latter
to the automotive market, for instance, where the distance of the interior light sources
to the object or user is much smaller than in general illumination. These markets are
shortly described in the following.
In automotive interiors, a considerably large and diverse number of light sources can
be found. This includes the dome light, which sometimes consists of multiple different
sources, the illumination of the vanity mirror, the illumination of the glove compartment,
the foot-well illumination, door handles, icons, switches and so on. For automotive
lighting, almost all applications have secondary performance criteria which are of similar
importance as the primary specifications such as brightness, size, lifetime and efficiency.
A specific requirement in this case is the high-temperature test, which for interior appli-
cations can be as high as 104◦C. This is rather high for existing organic materials which
renders the automotive market much more difficult with respect to the early adoption of
OLED. Additionally, the innovation cycles in the automotive market are rather long with
typically 3-5 year design time frames. Thus, the real market entry of OLED in automotive
interior lighting applications will occur much later than it would technically be possible.
The retail sector is a very important customer for the lighting industry. In this sec-
tor, as much as $3.8 trillion of sales are realized annually in the USA alone. When the
buying criteria of retail customers are analyzed, appearance and price are by far the most
frequently named topics. In regard to appearance, color rendering and color tunability to
create special effects are desired. The cost side breaks down into initial costs, costs of
ownership, where the lifetime of the product as well as the energy consumption become
important, and maintenance costs where ease of operation and simplicity of handling
play a role. In general, there is a trend in the retail lighting market towards continuously
smaller lamps with ever higher power ratings and lifetimes which can be used for multiple
applications at low initial costs.
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2.3 Conclusion
In conclusion, it can be seen that the introduction of OLED into the market would have
several benefits, like an enormous energy saving potential and an improvement of lighting
quality. OLED can be employed for many applications. The requirements for the different
markets, such as general illumination, automotive interior lighting or retail lighting, differ
immensely. Especially in the private sector, where the initial cost of a light source plays
an important role, it may be difficult to introduce OLED as a lighting alternative at
the present time. To lower the prices for OLED, the manufacturing costs need to be
reduced as well. In this respect, OVPD may prove as a promising technology since it
offers several potential benefits in terms of cost savings. On one hand, the material
usage efficiency of the organic source materials is significantly higher in OVPD than in
VTE due to the short distance between the material inlet and the substrate inside the
deposition chamber [6]. On the other hand, during the deposition of the organic layers,
no high vacuum is required, which reduces the complexity of the production tool and
thus, the error proneness as well as the manufacturing costs.
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3 Physical Fundamentals of Organic
Semiconductors
In this chapter, basic physical principles of organic semiconductors, which in part differ
significantly from inorganic semiconductors, are described. The injection and transport of
charge carriers, the impact of unintentional impurities in the organic layers on the charge
transport properties as well as energy transfer mechanisms will be discussed. Furthermore,
the technique of electrical doping will be explained. n- as well as p-type doping of the
charge transport layers in organic devices is an important means to improve charge carrier
injection from the electrodes and to reduce the voltage drop over the transport layers
and thus, increase the power efficiency.
3.1 Charge Transport in Organic Materials
The molecules in the organic thin films of an OLED mostly interact by weak van der
Waals forces only and therefore, energy states are localized on single molecules and do
not form a band structure. Usually, only the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) are considered for describing current
transport. The former can be considered as the equivalent to the conduction band in
inorganic semiconductors, the latter as analogon to the valence band. Due to the disorder
in amorphous materials, a characteristic spread in the energy levels is present. A Gaussian
distribution of the density of states in amorphous organic semiconductors was shown by
Heun et al. [7]. For organic materials without electrical doping (see Section 3.3), the
LUMO is empty while the HOMO is completely filled at room temperature due to the
typically large bandgaps which are in the range of 1.5-4 eV. Conduction becomes possible
by the injection of charge carriers from the electrodes into the organic material. In the
following subsections, the fundamental models which describe the injection and transport
in organic materials are discussed. The focus is on electron-only injection and transport,
but analog principles apply for holes as charge carriers.
3.1.1 Injection-limited currents
This subsection describes injection-limited currents, which occur if the transport capa-
bility of the organic material is faster than the charge carrier injection. Two types of
charge injection will be discussed briefly. For a more detailed work on the injection and
transport in organic semiconductors see [8].
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Fowler-Nordheim-Tunneling
An energy barrier with a height of Δ is formed if a metal and an insulator (the organic
material in this case) are contacted and an electric field is applied. Thereby, the value
of Δ results from the LUMO energy level relative to the Fermi energy of the contact.
For high values of Δ, a triangular-shaped barrier is formed within the electric field in the
absence of charge accumulation at the interface. Electrons can transfer from the metal
into the organic layer by a tunneling process as illustrated in Figure 3.1.
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Figure 3.1: Tunneling through a triangular barrier Δ.
The tunneling distance and thus, the tunneling probability, strongly depends on the
applied electric field E. How the shape of the barrier changes with the field E is shown
in the same figure qualitatively. The injected current density can be calculated from the
tunneling probability according to [9, 10] by
jFN = BE2 · exp(−8π
√
2mΔ3
3heE
). (3.1)
In this equation, m is the effective mass of the electrons in the organic material, B is a
constant factor, h is the Planck constant and e the elementary charge. This process is
called Fowler-Nordheim tunneling, in which further effects such as the image force and
hot electron contribution to the current are neglected.
Thermionic Injection / Image Charge Potential
The image charge potential reduces the height of the triangular barrier which was de-
scribed in the previous subsection [9]. An electron at a distance x from the metal can
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induce a positive (image) charge in the metal. The reduction of the barrier, the so-called
Schottky-effect, δ is determined by
δ =
√
q3E
4πεε0
, (3.2)
where ε is the relative dielectric constant and ε0 the permittivity in vacuum. Due to this
barrier reduction, the thermal energy can be sufficient to enable the transfer from the
contact into the organic material. The current density which results from the thermal
injection can be calculated by [11, 12, 13]
j(E) = CT 2 · exp(−
Δ−
√
e3E
4πεε0
kBT
). (3.3)
Here, C = 4πek2Bm
/h3 is the field-independent Richardson constant. This model
neglects tunneling through the barrier as well as inelastic backscattering. A more sophis-
ticated model can be found in [14].
3.1.2 Transport-limited currents
Especially in materials with a low charge carrier mobility, space-charge-limited current
(SCLC) can be observed. In this case, an ohmic or nearly ohmic contact injects more
charge carriers than can be transported by the organic layer. The excess charge leads
to the formation of a space charge which screens the electric field and by this, reduces
the charge carrier injection from the contacts [15]. Assuming the absence of traps and
diffusion as well as a field-independent mobility μ, the current density in the steady-state
can be described by the Mott-Gurney equation:
jSCLC =
9
8
εε0μ
E2
d3
. (3.4)
However, this equation describes the current in a trap-free material. If traps are present,
the mobility has to be replaced by an effective mobility μeff = Θμ under the assumption
of a discrete shallow trap level. Here, Θ describes the ratio of the free to the total carrier
density, which equals 1 in the trap-free case. According to [15], Θ can be as small as
10−7 for materials with traps.
In real organic materials, traps will have a certain energy distribution. If this distribution
is an exponential one, the current density is described by
j = e1−lμNe(
2l + 1
l + 1
)l+1 · ( l
l + 1
εε0
nt
) · E
l+1
d2l+1
. (3.5)
Ne is the density of states in the LUMO, nt the density of trapped charge carriers and
l = TC/T where T is the temperature and TC a characteristic constant for the trap
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distribution. In the case of a Gaussian distribution of traps, the parameters in the above
equation are modified but the current density still follows
j ∼ E
l+1
d2l+1
. (3.6)
For deep traps, l becomes greater than 2, for shallow traps l equals 1, which reproduces
Equation 3.4. The resulting theoretical current/voltage (I-V) characteristics are discussed
in [16].
A detailed investigation of the impact of traps on the I-V characteristics of a single-layer,
single-carrier device was done by H. Heil in [17]. He developed a numerical simulation
based on an assumed current density of
je = eμn0(U, nintr, ET , NT )U (3.7)
in which n0 represents the free charge carrier density. n0 itself is a function of the intrin-
sic charge carrier concentration nintr, the voltage U , the trap density NT as well as the
trap level ET . Figure 3.2 shows the results of Heil’s simulations.
It is interesting to see how the variation of different parameters changes the I-V charac-
teristics of the single layer device. In the top left (a) of Figure 3.2, the trap level was
varied, on the top right (b), the intrinsic charge carrier concentration. On the bottom
left (c), the trap density was changed while the standard deviation of the trap level under
the assumption of a Gaussian distribution was used as a parameter on the bottom right
(d). Apparently, the trap level (a) mainly influences the ohmic current transport at low
voltages in such a way that deeper traps lead to reduced currents. Additionally, the slope
of the steep increase of the current, which reflects the trap filling in the organic layer,
becomes steeper with increasing trap depth. Furthermore, it shows that a higher trap
density (c) broadens the area of ohmic conduction and the trap filling portion of the
I-V curve is shifted towards higher voltages. In (d), it can be seen that the standard
deviation of the Gaussian trap energy distribution impacts the slope of the current in
the ohmic region. Keeping these results in mind can help to interpret differences in I-V
characteristics of OLED and will be helpful in Chapter 10 of this work.
Nevertheless, it is worth to be mentioned again that the above models for SCLC are,
strictly speaking, only valid for unipolar charge carrier injection. In reality, already single
layer unipolar devices are only partially characterized by these models. For OLED, the
bipolar injection and the concurrent charge carrier recombination have to be taken into
account. Generally, the resulting bipolar current flow is significantly higher due to the
reduction of the space charge. The multilayer structure of OLED makes an accurate
description even more difficult because the various processes inside the devices are not
easily distinguishable. However, numerical solutions are a useful tool to understand device
characteristics qualitatively.
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Figure 3.2: Simulation results of a unipolar single layer device. (a) Variation of trap level, (b) intrinsic
charge carrier concentration, (c) trap density, (d) standard deviation [16].
3.1.3 Field-Dependency of Charge Carrier Mobility
The transport of charge carriers in organic materials is often described as a hopping
transport. Due to the amorphous nature of the organic films and the spread of discrete
energy levels in the transport bands, charge carriers need an activation energy to hop
from one molecule to another. Essential for the description of the hopping transport is
the probability for the transfer of a charge carrier between two transport states. This
probability crucially depends on the spatial as well as the energetic distance between the
hopping states [18]. The hopping probability is enhanced if an electric field is applied, as
the external potential and the Coulomb potential of the hopping site are superimposed.
This phenomenon is called Poole-Frenkel effect, a result of which is the dependency of the
charge carrier mobility on the electric field E.Under the assumption of a one-dimensional
Coulomb potential, the lowering of the energy barrier can be calculated, and hence the
charge carrier mobility is determined by [19]
μ(E,T ) = μ0 · exp(−ΔE − βPF
√
E
kT
), (3.8)
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where βPF =
√
e3/πεrε0 is called the Poole-Frenkel factor and ΔE describes the acti-
vation energy without the energy barrier lowering due to the electric field [20].
3.2 Energy Transfer Mechanisms in Organic Materials
The transport of energy within organic films consists of several processes, including ra-
diative and non-radiative energy transfer. For the transfer over distances larger than
10 nm, radiative energy transfer plays an important role. Radiative energy transport is
characterized by a sequence of emission and reabsorption processes.
At smaller distances, non-radiative energy transfer processes are of higher importance.
The energy can be transferred either by dipole-dipole interaction, which does not require
a physical contact of the interacting molecules, or by electron exchange, which requires
an overlap of the wave functions of the reacting species. These two different processes
are called Förster energy transfer and Dexter energy transfer, respectively. For the first,
the transition rate is proportional to R−6, where R is the distance between the interac-
tion partners [21]. Typical distances for Förster energy transfer are 5 to 10 nm [22]. For
Dexter-type energy transfer, the transition rate decays exponentially with R and drops to
negligibly small rates for distances larger than one or two molecule diameters (0.5-1 nm)
[22].
For Dexter as well as Förster energy transfer, the probability depends on the integral
overlap of the emission and absorption spectra of the interacting molecules.
3.3 Electrical Doping of Organic Materials
One of the limiting factors for the power efficiency of OLED is the voltage drop over the
charge transport layers due to the low mobility of the charge carriers as well as the limited
free carrier concentration. For conventional inorganic semiconductors, the breakthrough
was accompanied by the potential to tune the electrical conductivity in a controlled way
by doping. Possibly, OLED currently undergo a similar development, in which electrical
doping becomes increasingly important.
The basic principle of the electrical doping of organic materials is analog to the doping
of inorganic semiconductors. Controlled impurities in the host material either donate
an electron to the LUMO of the host or accept an electron from the HOMO and thus,
generate a free charge carrier. Figure 3.3 gives a simplified illustration of the doping
process.
By electrical doping, the Fermi level will be shifted towards the charge-transporting states
which leads to the reduction of ohmic losses and improved charge carrier injection. Pio-
neering work was conducted by Leo et al. at the Technical University of Dresden, Germany,
in cooperation with Novaled GmbH [23, 24, 25].
Electrical doping of organic semiconductors is achieved by a chemical reaction of host
material and dopant whereby p-type doping corresponds to an oxidation and n-type dop-
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Figure 3.3: Simplified illustration of the principle of electrical doping of organic semiconductors.
ing to a reduction of the host material. Exemplarily, n-type doping will be discussed here,
but the principle is the same for p-type doping. In terms of chemistry, n-type doping of a
matrix consisting of molecules M with a dopant molecule D can be described according
to [26] as
MMDMM ⇔M [M−D+]MM ⇔M−...MD+MM. (3.9)
First, a charge transfer state is formed when one electron transfers from the donor
molecule to the acceptor, which is one of the nearest neighbors of the donor. If this
intermediate state dissociates, a free electron is created. The final state is assumed to be
unbound. The matrix molecule carrying the negative charge is out of range for Coulomb
interaction. Thus, free electrons separated from the donor are generated. The solid state
electron affinity of the matrix molecule EAM,M together with the ionization potential
(IP) of the donor in the matrix IPD,M determine the energetic difference between the
initial and final state as ΔE = EAM.M − IPD,M .
The dopants lead to the formation of deep or shallow states in the bandgap between the
HOMO and the LUMO of the matrix material. Deep donor states exist if the donors are
only partially ionized at a certain temperature. The Fermi energy EF is higher than the
donor state ED, which means it is situated in between the HOMO of the dopant and the
LUMO of the matrix. A more detailed description on deep and shallow donor levels can
be found in [26] while acceptor levels are discussed in [27].
In conclusion, electrical doping is a promising possibility to enhance the power efficiency
of OLED and thus, it would be beneficial to be employed in gas phase deposition systems
as well. The applicability of a p-dopant in OVPD will be investigated in Chapter 11.
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4 Principles and State of the Art of
OLED
In this chapter, the basic functional principle of OLED will be described. Furthermore,
the important factors for the efficiency of OLED will be discussed. The topic of the last
section is the state of the art performance of red, green, blue and white OLED.
4.1 Basic Principle of OLED
The macroscopic schematic structure of a conventional OLED is shown in Figure 4.1.
light
glass substrate
glue
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organic layers
cathode
metallization
TCO
getter
Figure 4.1: Schematic structure of a bottom-emitting OLED.
The bottom-emitting design, in which the generated light is outcoupled through the sub-
strate, comprises a glass substrate, which is pre-structured with a transparent conductive
oxide (TCO) and metal conductive paths. The organic layers are deposited onto the
TCO, generally through a shadow mask, and afterwards covered by an opaque metal
cathode. Due to the sensitivity of the organic materials to oxygen and water, the devices
have to be encapsulated after the thin film deposition process. Mostly, a glass cover is
used for this purpose. An additional getter material inside a cavity between substrate
and cover can be useful to absorb oxygen and water molecules which diffuse through the
glue rim. The substrates which were used within this work will be described in Chapter 6.
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In principle, various different options to generate white light with OLED are conceiv-
able. Figure 4.2 displays three possible device structures schematically.
substrateorganic layers
phosphor
light
Figure 4.2: Principle device structures for the generation of white light. A combination of three emissive
materials (red, green, blue) which can either be vertically stacked (left) or laterally arranged
(center). Blue OLED with down-conversion phosphor (right).
White OLED can consist of two (blue, yellow) or three (red, green, blue) emissive organic
materials which are either vertically stacked (Fig. 4.2, left) or laterally arranged (Fig. 4.2,
center). For the vertical stacking, device fabrication is simpler because only one shadow
mask for the deposition of organic materials is required. In addition to this, the OLED
offer a homogeneous appearance in terms of color without any diffusor. To achieve a
homogenous white color for red, green and blue OLED which are arranged laterally on a
substrate, either a diffusor is required or the single OLED pixels have to be very small,
such as in a display. This makes manufacturing challenging and expensive and probably
unsuitable for lighting applications. The advantage of laterally structured devices is that
color tunability of fabricated devices can be achieved easily by separately controlling the
driving current of the pixels. Different aging of the pixels can be compensated by adjust-
ing the current. For vertically stacked OLED, this can only be achieved by stacking three
monochrome OLED on top of each other and separating them by additional transparent
electrodes. This requires a rather complicated production process.
Another option to generate white light is the use of a single-emitter OLED to generate
blue light which is then partially down-converted to higher wavelengths by a phospho-
rescent anorganic material (Fig. 4.2, right). This combination of a blue emitter and
a down-conversion phosphor system can be found in [28], for example, and yields the
advantage of a relatively simple device architecture. Furthermore, the different aging
of organic emitters, which can lead to a color shift during the lifetime of OLED with
two or three emitters, is not an issue in this case. Nevertheless, this design comprises
several disadvantages as well. One problem is the fact that the performance (efficiency,
lifetime) of these OLED completely relies on the organic blue emitter. But among the
three fundamental colors, blue emitting materials exhibit the lowest efficiencies as well
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as the shortest lifetimes. In addition to this, the color fastness of the white light gen-
erated in this way is often limited, which makes it less favorable for the private (living)
environment.
4.2 Efficiency of OLED
The internal and external quantum efficiencies are important factors to describe the
performance of OLED. The internal quantum efficiency ηint is defined as the fraction of
generated photons nph to injected electron hole pairs neh [29]
ηint =
nph
neh
. (4.1)
How many charge carriers are converted to photons depends on several factors and is
given by the product of the probabilities of the different processes according to [30]
ηint = γ · ηr · ηpl. (4.2)
Here, ηpl is the quantum efficiency of fluorescence which represents the number of exci-
tons which recombine radiatively. ηr is the efficiency of formation of an emissive exciton
from an electron hole pair, which is 25% only for fluorescent emitters and can be up
to 100% for phosphorescent emitters according to spin statistics. More information on
phosphorescent emitters and spin statistics can be found in [31]. γ denotes the charge-
balance factor which describes the numerical ratio of injected electrons and holes and
therefore reflects the charge carrier balance in the device. The charge balance factor is
unity (γ = 1) if all injected holes and electrons recombine in the device. If an imbalance
of charge carriers exists in the organic layers, the majority type of charge carrier can reach
the opposite electrode and eventually reduce the efficiency of the OLED.
The external quantum efficiency (EQE) is defined as the fraction of photons escaping the
OLED to the number of injected charge carrier pairs. In other words, it differs from the
internal quantum efficiency by taking the outcoupling efficiency ηout into account and
thus is given by
ηext = ηint · ηout. (4.3)
The typical outcoupling efficiency of OLED is about 20%. 80% of the generated photons
are absorbed either in the organic layers, the electrode materials or the glass substrate.
In addition to this, the spectrum and the outcoupling of an OLED is influenced by micro
cavity effects. An optical micro cavity is a structure formed by reflecting faces on the two
sides of a spacer layer. In the case of OLED, the spacer layer is formed by the organic
materials, while the metal cathode as well as the TCO on glass are the reflecting faces.
The glass/ITO interface is not a mirror, of course, but partially reflects the generated
light. More crucial is the metal cathode and its distance to the emissive layer. For more
detailed information on the impacts of micro cavity effects in OLED see [32]-[34].
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Efficiency-limiting processes in phosphorescent OLED
As mentioned above, phosphorescent emitters can reach internal quantum efficiencies
of 100% theoretically. Nevertheless, OLED with phosphorescent emitters often show a
pronounced drop (roll-off) in current efficiency at higher luminance [35, 36].
Several different efficiency-limiting processes attribute to this effect. In the so-called
triplet-triplet annihilation process, two excited triplet states decay in an exothermic reac-
tion to one triplet state and the molecular ground state [37]. This effect directly depends
on the density of triplet states in the organic layer which increases at high current densi-
ties. The relatively long lifetime of triplets compared to singlets also attributes to a high
triplet density.
Another efficiency-limiting process is the dissociation of excited states. If by Coulomb
force associated electron hole pairs are on adjoining sites of a molecule, there can be
sufficient thermal energy to dissociate them. If such a process proceeds in the presence
of an external electric field, the probability to escape recombination strongly increases.
More detailed information on this topic can be found in [38].
In a recent publication, it was reported that energy transfer to charged molecules, so-
called triplet-polaron quenching, is another important process in phosphorescent devices
[39].
4.3 State of the Art Performance of OLED and Research
on OVPD
The improvement of efficiencies and lifetimes of OLED is a continuous process and
an important topic of current research. New record performance values are published
frequently. Here, the state of the art performance of monochrome and white OLED will
be discussed. In addition to this, information on research regarding gas phase deposition
of organic materials is given.
Green OLED
Current and power efficiency are photometric quantities, which means that the wavelength-
dependent sensitivity of the human eye is taken into account. Due to the fact that the
eye sensitivity has a maximum at 555 nm, green OLED exhibit the highest efficiencies. In
2007, Tanaka et al. reported a green OLED using the common phosphorescent emitter
tris-(phenyl-pyridyl)-Ir (Ir(ppy)3) in combination with a newly developed electron trans-
port material [40]. Furthermore, they employed a mixed polymeric hole injection layer
(HIL) which was spin-coated. The subsequent organic layers, including the emission layer
(EML) and the electron transport layer (ETL) were fabricated by VTE. By this, they
achieved power and current efficiencies of 107 lm/W and 96 cd/A, respectively, at a
luminance of 1000 cd/m2. In this publication, no lifetime of the device was stated.
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Red OLED
For red OLED, Jarikov et al. reported excellent lifetimes of estimated 106 hours at an
initial luminance of 1300 cd/m2 [41]. Nevertheless, the efficiency of the device was
moderate with 6.5 cd/A at 4.5 V and 20 mA/cm2. The external quantum efficiency
EQE was 5.8%. A quantum efficiency of 12.8% at 100 cd/m2 was reported in [42] in
combination with a lifetime of 107 hours at the same initial luminance. This performance
was achieved by electrical doping of the transport layers (see Chapter 3.3).
Blue OLED
For blue OLED, the reported efficiencies are not as high as for green and red ones. This
is due to the fact that mostly fluorescent emitters are employed for the generation of blue
light. Until today, no long-term stable phosphorescent blue emitters have been found.
Furthermore, the chromaticities of blue OLED reported in literature vary from the blueish
green region to the pure blue, which makes the comparison of efficiencies difficult. In
[43], "sky-blue" OLED are presented which exhibit 13.2 cd/A and 6.1 lm/W at a current
density of 20 mA/cm2 (≈2600 cd/m2). Nevertheless, the Commission Internationale
del’Eclairage (CIE) coordinates of (0.16, 0.30) are shifted towards the greenish region
which relativizes the high efficiency. In [44], Shih et al. report on phosphorescent blue
OLED with iridium(III)-bis[(4,6-difluorophenyl)pyridinato-N,C2
′
] (FIrpic) as blue emitter
as well as a newly synthesized emitter (dfppy)2Ir(fpy) (FIrfpy). At CIE coordinates of
(0.13, 0.23), the device employing FIrfpy showed a current efficiency of 14.6 cd/A at a
luminance of 2900 cd/m2 with a corresponding external quantum efficiency EQE of 9%.
The OLED using FIrpic as emissive material exhibited a greenish-blue emission at (0.14,
0.34) with 30.4 cd/A or 14.9% EQE at 6100 cd/m2 luminance. No information in terms
of device lifetime, which is a critical issue for phosphorescent blue OLED, was given in
this publication.
White OLED
In terms of white OLED, several publications can be found in literature following various
concepts. White devices with good efficiencies and lifetimes are often designed as hybrid
OLED, which means that fluorescent and phosphorescent emitters are combined. By
this, the challenges that are imposed by phosphorescent blue emitters can be omitted.
Nevertheless, hybrid devices are sensitive to charge balance and the distribution of the
charge carriers in the organic layers. Kanno et al. report in [45] white OLED combining
fluorescent and phosphorescent emitters. They used lithium-doped 4,7-diphenyl-1,10-
phenanthroline (BPhen) and molybdenum oxide (MoOx) as interlayer to stack two or
three white OLED on top of each other. By this method, they achieved 22 lm/W power
efficiency at a luminance of 1000 cd/m2 in the threefold device. Konica Minolta published
an article on their website which describes the fabrication of an all-phosphorescent white
OLED with the help of a newly developed phosphorescent blue emitter [46]. Without
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light outcoupling techniques, they achieved 37 lm/W (corresponding to 20% EQE) at
1000 cd/m2 with CIE coordinates of (0.39, 0.43). Employing outcoupling enhancements,
they could measure 64 lm/W power efficiency at the same luminance. The estimated
lifetime of the OLED is 10,000 hours at an initial luminance of 1000 cd/m2.
Research on OVPD
Important research on the practical application was conducted by S.R. Forrest at Prince-
ton University. In the year 2005, his work group published an article in Nature Ma-
terials [47] in which they showed how the efficiency of an organic bulk heterojunction
photovoltaic cell could be increased by up to the factor 2.5. This was achieved by ad-
justing the substrate temperature and the deposition chamber pressure in such a way,
that an intentionally rough copper phthalocyanine (CuPc) layer was deposited on in-
dium tin oxide (ITO) coated glass substrates at first. The CuPc layer was followed by
a 3,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI) layer, which was deposited
at the same substrate temperature but different deposition chamber pressure than the
CuPc film. This choice of process parameters lead to a PTCBI layer which equalized the
roughness of the CuPc, leaving a planar surface for the deposition of subsequent materi-
als. The rise of efficiency was achieved due to the interpenetrating network of CuPc and
PTCBI and the resulting large area at the interface of the two organic materials. This
work shows that the substrate temperature as well as the deposition chamber pressure
apparently play a crucial role for the morphology of organic thin films.
In addition to this, Shtein et al. showed in [48] that the deposition rate is another impor-
tant parameter for the morphology of the organic layers. They investigated pentacene
films which were deposited on silicon (Si) wafers by OVPD and managed to vary the grain
size by adjusting the deposition rate, the deposition chamber pressure and the substrate
temperature.
Despite these works and a few more publications mostly from the same group, the knowl-
edge about the OVPD process is still limited and most probably, its potential not fully
unleashed. Furthermore, the vast diversity in available organic materials requires exten-
sive research on their (deposition) behavior in OVPD systems. One goal of this work
is to expand the knowledge on OVPD with the help of the conducted experiments and
interpretations.
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5 The OVPD Technology
Presently, VTE is the most established technology to manufacture OLED based on small
molecules. Nevertheless, VTE comprises certain limitations in regard to process control,
homogeneity and effective use of source materials. For example, organic films with a
graded composition of two or more materials are at least difficult, but mostly impossi-
ble to be produced by the means of VTE. OVPD, which was invented by S. Forrest at
Princeton University in 1995 [49], offers the potential to overcome these limitations. In
the first part of this chapter, the principle of OVPD is explained.
Furthermore, the physical properties of organic thin films, like roughness and conduc-
tivity, are influenced by certain process parameters during the deposition process, such
as pressure, temperatures and deposition rate. Several publications on this topic can
be found in literature [48], [50], [51], both for VTE and OVPD systems. Here, the gas
phase deposition process will be described in theory and an overview of relevant process
parameters will be given.
5.1 The Principle of OVPD
OVPD is a gas phase technology, which means that the source material is transported
from the evaporator to the substrate by an inert carrier gas. Consequently, the organic
evaporators and the substrate are not located in one chamber, unlike in VTE. This
decoupling of evaporation and condensation offers several advantages. One of the major
differences is the control of the deposition rate of the organic materials which will be
described theoretically in the following.
Evaporation or sublimation of material from a heated source is described by the Clausius-
Clapeyron Equation
Pvap = P0 · e−
ΔHS
R·T (5.1)
in which Pvap is the vapor pressure, P0 is an empirical material constant, ΔHS is the
enthalpy of evaporation. R and T are the universal gas constant and the evaporation
temperature, respectively. Figure 5.1 shows the vapor pressure curves versus the evapo-
ration temperature for materials with different ΔHS (a>b>c) on the left. On the right
in the same figure, the theoretical deposition rate versus carrier gas flow in a gas phase
deposition process for different vapor pressures (a>b>c) are displayed (a complete sat-
uration of the carrier gas with the material to be deposited is assumed - partial pressure
equals vapor pressure).
The molar flow of material onto the substrate determines the deposition rate. For VTE,
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Figure 5.1: Vapor pressure versus evaporation temperature for materials with different ΔHS (a>b>c)
(left). Theoretical deposition rate versus carrier gas flow in a gas phase deposition process
for different vapor pressures (a>b>c) (right). [52]
the molar flow is determined by the vapor pressure, the kinetics of evaporation and the
geometry of the deposition chamber as well as the crucible, which leaves the evaporation
temperature as the only variable to adjust the deposition rate. For gas phase transport,
the molar flow can be approximated by
Qm =
Qs
Vmol
· Pvap
Ps − Pvap (5.2)
with Qm as molar flow, Qs as carrier gas flow, Vmol as molar gas volume and Ps as
pressure in the source container. The second fraction of the equation reflects the gas
phase concentration of the organic material. A linear dependence of the deposition rate
on the source flow for a fixed source temperature can be seen from Equation 5.2. If the
source temperature is increased, the slope of the deposition rate increases as well due to
the higher vapor pressure in the source. Likewise, different materials which are kept at
the same temperature, exhibit different deposition rates if the same source flow is used
due to their difference in vapor pressure. The horizontal lines in both graphs of Figure
5.1 illustrate how identical deposition rates can be achieved for different materials (a, b).
For VTE, the only means to adjust the deposition rate is to increase the temperature of
the source, while for OVPD, the source temperature can be kept constant and the carrier
gas flow is increased. In other words, the deposition rates of the organic materials are not
solely controlled by the temperature of the source containers, but mainly by the amount
of carrier gas which is lead through the sources. Therefore, deposition rates are highly
stable and reproducible for OVPD since the carrier gas flow can be precisely controlled
by standard mass flow controllers (MFC). Of course, the thermal long-term stability of
the source container is a required condition, but constitutes no problem, as will be shown
within this work.
In practice, a deviation from the ideal behavior of the deposition rate versus the source
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flow can be observed in many cases. Up to a certain source flow, a linear behavior can
be seen, followed by a sub-linear increase after this threshold value [53]. Zhou et al.
explained this observation with the help of the mass transport analysis of Shtein et al.
[54], from which they derived
r = η · Pvap
R · T ·
Qs
1 + Qs/(k · R · T ) (5.3)
r is the deposition rate, k the rate constant of evaporation and condensation. The geome-
try of the system leads to an additional factor η, which represents the material utilization.
Additionally to this explanation, the carrier gas flow through a source container has in-
fluence on the pressure inside the source due to the impedance of the pipe work. Higher
source flows lead to higher pressures which again result in a decrease of the gas phase
concentration. The impact of the carrier gas flow through the source as well as that of
additional gas flows in the OVPD system will be investigated in Chapter 7.
In addition to the advantage of very good stability and reproducibility of deposition,
the carrier gas concept also offers the possibility of precisely graded, or if necessary, al-
most instant changes of the deposition rate by manipulating the MFC flow. The mixing
of one or several organic materials with accurately adjustable concentrations is easy due
to the separate control of the carrier gas flow through each organic source.
Furthermore, the decoupling of evaporation and condensation allows the optimization of
evaporator designs to any chemical needs without affecting the uniform and controlled
large-area organic film deposition. Upgrading OVPD systems with additional source con-
tainers, e.g. optimized for a specific organic source material, can easily be achieved by
connecting more furnaces with evaporators to the deposition chamber. Even systems
in which some organic sources can be maintained or refilled while the machine is still
capable of manufacturing are conceivable.
5.2 The Close Coupled Showerhead Technology
AIXTRON OVPD systems are combined with the proprietary Close Coupled Showerhead
(CSS) technology. A showerhead in general is a perforated or porous planar surface which
dispenses a gas stream uniformly over a second planar surface. In the case of OVPD, the
CSS is perforated and spreads the carrier gas together with the organic materials evenly
over the entire deposition area. The close proximity to the substrate surface ensures a
homogeneous distribution of the material across the substrate. The homogeneity which
can be achieved in practice will be described in Chapter 7. In addition to intrinsic
uniformity, CSS enables the deposition of organic materials with high material utilization
efficiency. This feature is of high importance, especially for the lighting sector with its
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low profit margins (see Chapter 2).
The carrier gas, which is saturated with the organic source material, is introduced into the
deposition chamber by the CSS. In between the CSS and the substrate, a boundary layer
of nearly stagnant flow is formed. Depending on the pressure and the temperature within
the deposition chamber, the material transport can be diffusion-limited. The molecules
entering the boundary layer suffer many collisions in a purely random process before they
reach the substrate. At lower molecular partial pressures or higher gas flow velocities, the
thickness of the boundary layer decreases and the material transport becomes kinetically
limited. This means the rate of arrival of the molecules at the substrate is determined by
the flow field of the gas which carries them to the surface [55]. The deposition regime can
be influenced by various OVPD process parameters which allows control over properties
of the organic films such as the morphology. A detailed look at the transport regimes and
growth mechanisms in OVPD systems will be taken in the following section. Afterwards,
the most important adjustable process parameters will be described.
5.3 Material Transport Regimes and Growth Mechanisms
in OVPD
5.3.1 Mass Transport in a Showerhead System
In a showerhead deposition chamber, gases are dispensed uniformly from the showerhead
but must move radially to exit the perimeter. Thus, at any radius, all the gas dispensed
from inside must flow outward. Because the showerhead area increases as the square of
the radius and the perimeter surface increases linearly, the radial velocity of the gas must
increase linearly with radial distance. In [56], D. Dobkin simulated the mass transport
in a showerhead deposition system and found that convection plays a weak role in the
direction perpendicular to the showerhead and substrate plane. For radial transport, both
convection and diffusion are important.
Figure 5.2 (top) shows the top view of a showerhead model which was used for the
simulation of the flow pattern by AIXTRON, a manufacturer of OVPD equipment. A
rectangular showerhead with two gas outlet directions was assumed as simplification. The
simulated gas velocity is shown on the bottom of the same figure. It can be seen that
the velocity distribution in the x-plane is uniform and the velocity gradually dissipates
towards the substrate plane. This is in accordance to Dobkin’s calculations for the time
of a molecule in the gas stream since it entered the deposition chamber
tst ∼ ln( z
HC
) (5.4)
with z being the vertical position of the molecule and HC the total distance between
showerhead and substrate. This calculation only takes the vertical convection into ac-
count and it can be seen that, if the z-position of a molecule in the gas stream approaches
zero (substrate surface), the time becomes infinite, which means molecules cannot reach
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Figure 5.2: Showerhead model for the simulation of the gas flow pattern (top). Simulated velocity
distribution in the vapor phase in a showerhead system (bottom). Figures courtesy of
AIXTRON AG.
the substrate by pure convection. Diffusion is always necessary for deposition. This result
is in accordance to [57], in which was found that the vertical convection velocity has to
drop to zero due to the viscous friction of the gas, independently from the flow profile.
Furthermore, the boundary layer thickness is independent of the radial position and can
be described as
δ = 3
√
v
HC
vin
. (5.5)
Here, v is the kinematic viscosity and vin the inlet velocity of the gas stream. Since the
kinematic viscosity increases inversely proportional to the deposition chamber pressure
P and the inlet velocity shows the same dependence, the boundary layer thickness is
independent of the pressure if the molar inlet flow is fixed.
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5.3.2 Convection- and Diffusion-Limited Transport Regimes
Despite the fact that molecules cannot reach the substrate by pure convection, the
deposition rate can be limited either by convection or diffusion. In 2001, Shtein et al.
have published an article in which they described the material transport regimes as well as
the growth mechanisms in OVPD [54]. As mentioned before, a stagnant boundary layer
develops above the substrate. Organic molecules must diffuse across this layer before
they can condense on the substrate. Therefore, the deposition depends on the relative
rates of convective and diffusive transport. In the convection-limited regime, the molar
rate of transport is given by
rconv =
Porg · V˙
RT
. (5.6)
Here, Porg is the partial pressure of the organic vapor, T the temperature of the carrier
gas stream in the deposition chamber and V˙ the volumetric flow velocity of the carrier
gas. The rate of diffusion across the boundary layer is given according to [58] by
rdiff = Dorg
Porg/RT
δ
(5.7)
and thereby depends on the thickness of the boundary layer δ and the diffusivity of the
organic vapor in the carrier gas Dorg in addition to Porg, T and R.
It can be seen that in both equations above, Porg/RT is the driving force for the mass
transport to the substrate. If the conservation of mass is assumed, the net deposition
rate can be described by
rdep =
Porg
RT
V˙
1 + V˙ δ/Dorg
. (5.8)
From this equation, it becomes apparent that the deposition rate is limited by convection
at low carrier gas flows while it is limited by diffusion across the boundary layer for higher
gas flows. Therefore, the total gas flow into the deposition chamber is an important
parameter to control the deposition behavior in OVPD. Other crucial process parameters
will be described in the following section.
5.4 OVPD Process Parameters
OVPD systems offer a variety of adjustable process parameters the number of which
is generally higher than in most VTE tools. Table 5.1 gives an overview of the most
important parameters and the nomenclature used in this work.
The coolant temperature TC is the temperature of the refrigerant which flows through
the substrate holder and is used to control the substrate temperature. Without proper
cooling, the substrate temperature would increase uncontrollably due to radiation from
the heated CSS. In theory, the resulting substrate temperature mainly depends on TC and
the CSS temperature TCSS . The deposition chamber pressure P is self-explanatory and
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Table 5.1: OVPD process parameters and corresponding denominations used in this work.
Process parameter Denomination
Coolant temperature TC
CSS temperature TCSS
Deposition chamber pressure P
Source flow Qs
Source temperature Ts
Total flow Qtot
influences the flow field inside the deposition chamber. Generally, a lower P should lead
to higher gas flow velocities and vice versa. Consequently, P has impact on the boundary
layer and can be employed to control the deposition regime which was described in the
previous subsection. Nevertheless, it should be kept in mind that P also influences the
pressure inside the source containers Ps. The source flow Qs is the carrier gas flow which
is led through the source container with the organic material. Qs is the most important
means to adjust the deposition rate in OVPD systems. The source temperature Ts
is the secondary means which influences the deposition rate due to its impact on the
organic vapor pressure inside the source. Generally, Ts is set to a temperature which
allows reasonable deposition rates for the organic material on one hand, and on the other
hand prevents degradation of the source material. For temperature-sensitive materials, a
compromise between high deposition rates and long material standby times needs to be
found. Last but not least, the total flow Qtot into the deposition chamber together with
P determines the flow field and thus, the deposition regime during the process. Beside
this, P and Qtot influence the material utilization efficiency [59] and the uniformity of
the organic films.
In addition to the process parameters described above, many other individually adjustable
temperatures exist in the OVPD system, such as valve and pipe network temperatures,
deposition chamber wall temperatures and so on. Since they only have secondary impact,
if any at all, on the deposition behavior, they are not listed in detail here.
5.4.1 Economical Impact of Process Parameters
So far, only the physical impact of process parameters was considered. Nevertheless, this
work deals with the practical application of OLED in the lighting sector and therefore,
economical considerations should be kept in mind as well. In this section, the economical
impact of the total flow will be discussed briefly. In [59], M. Schwambera considered
the cost of ownership (CoO) with the material consumption as important parameter.
Employing computational fluid dynamic (CFD) modeling, he investigated how the pro-
cess parameter Qtot affects the material utilization efficiency and by this, the CoO of a
theoretical OVPD system for the coating of large-area substrates. His models showed an
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inversely proportional impact of Qtot on the material utilization efficiency. On the other
hand, increasing the total flow leads to higher deposition rates and thus, shorter cycle
times. Consequently, a compromise between cycle time and material efficiency needs to
be found to minimize the CoO.
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Figure 5.3: Cost of ownership in units of $ per mother glass (MG) and cycle time versus the total flow
[59].
Figure 5.3 shows the CoO (black) in units of $ per mother glass (MG) as well as the cycle
time (red) versus the total flow as a result of the modeling. It demonstrates that the
process parameters which were described in the previous section not only influence the
physical deposition process, but also are of interest in regard to economic considerations.
The existence of many variable parameters in OVPD systems gives rise to the assump-
tion that the process can be optimized in such a way that physical as well as economical
demands can be fulfilled or balanced.
5.5 Organic Thin Films versus Conventional
Semiconductors
Condensed thin films of organic molecules differ considerably from traditional, epitaxially
grown semiconductors in regard to mechanical, optical and electronic properties. An
important factor for this difference is the weak van der Waals interaction between the
molecules in the organic films. The bonding energies are much lower than the ones of
covalent or ionic bonds in classical atomic crystals, resulting in low melting and sublima-
tion temperatures, high compressibility and low mechanical strength [60].
Furthermore, a few special issues can lead to a significantly different deposition behav-
ior for organic thin films. Probably the most fundamental difference is the fact that
organic molecules are spaciously expanded, asymmetric objects (compared to atoms in
a conventional inorganic semiconductor crystal) which are deposited in an amorphous
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film. Therefore, neither the orientation nor the distance of the molecules to each other is
predetermined by a crystal structure. This can give rise to qualitatively new phenomena
such as the change of molecular orientation during or after the deposition process. Even
without a transition during the growth process, the orientation of asymmetric molecules,
e.g. parallel or perpendicular to the substrate surface, may influence the physical behavior
of the thin film. The question is if and how the nucleation and growth behavior of the
molecules can be influenced by process parameters and how the OVPD parameters have
to be adjusted to enhance device performance.
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This chapter contains a brief introduction to the OVPD and VTE systems employed
for the fabrication of OLED within this work as well as a short description of the sub-
strates used. Furthermore, the principles of cyclic voltammetry (CV), differential scanning
calorimetry (DSC) and ultraviolet photoelectron spectroscopy (UPS) will be discussed
shortly.
6.1 OVPD System
The OVPD system which was employed within the scope of this work allows the homo-
geneous coating of substrates with sizes up to 15 · 15 cm2. It offers a capacity of twelve
organic sources and six furnaces with individual temperatures. This means, two organic
materials with comparable evaporation temperatures have to be paired in one furnace.
A temperature which offers a compromise for both evaporation temperatures has to be
set for the furnace. Since the deposition rates in OVPD are mainly controlled by the
carrier gas through the source, as described in Chapter 5, this constitutes no problem
in regard to flexibility. The maximum temperature for the furnaces is 400◦C, typical
MFC which are used have a maximum mass flow of 500 or 50 sccm. Nitrogen (N2) with
an initial purity of 6N undergoes further treatment by an MBRAUN MB 500HP high
pressure purifier before it is introduced into the OVPD system. The deposition chamber
pressure is adjustable in the range from ≈0.01 to 80 mbar. The copper substrate holder
is cooled by a refrigerant, the temperature of which is controlled by a Lauda thermostat.
In the following chapters, the coolant temperature will be denominated as TC and will
be discussed instead of substrate temperatures for reasons which will be elaborated on
in Chapter 9. TC can be adjusted in the range from -20◦C to 80◦C.
The cathode contact is formed in a separate high vacuum evaporation chamber with a
capacity of three sources. The chamber is equipped with a turbo molecular pump which
allows base pressures of 10−7 to 10−6 mbar. A special aluminum feeding system ensures
that the chamber has to be exposed to air for maintenance after about 100 metallization
processes only. The deposition chamber for the organic materials and the metallization
chamber are connected by a handling tube. While the substrates are transferred to the
metal chamber, the handling tube is kept at a pressure of 0.9 mbar (N2 pressure) and
consequently, the vacuum is not broken before metallization. After the formation of the
cathode contact, the substrates are encapsulated in a glove box without having been
exposed to air.
ITO-coated glass substrates which are to be processed in the OVPD system are cleaned
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by an automatic Imai cleaning tool comprising scrubbing, rinsing and megasonic cleaning
in de-ionized (D.I.) water. Subsequently, the substrates are spun dry and undergo an
ultraviolet (UV) ozone treatment prior to the deposition process.
OVPD Substrate Layout
The standard substrate for the fabrication of OLED in the OVPD system is shown in
Figure 6.1.
active area (ITO)
cathode contacts
anode contacts
alignment marks
Figure 6.1: Standard substrate layout for OLED fabrication in the OVPD system.
The substrate size is 15 · 15 cm2 and can be subdivided into four quadrants. Three of
these quadrants contain 16 OLED each with an active area of 4.5 · 4.5 mm2 per device,
the fourth quadrant one OLED with an active area of 35 · 35 mm2. ITO was used as
TCO, same as for all OLED produced within the scope of this work.
In order to determine the deposition rates of the organic materials, 6" Si wafers with
natural oxide were employed. Eight different organic layers could be deposited on one
wafer with the help of a shadow mask with a triangular opening which was rotated by
45◦ after each deposition. An example of a Si wafer with seven out of eight segments
coated with organic materials is shown in Figure 6.2.
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Figure 6.2: Example of a 6" Si wafer with seven out of eight segments coated with organic materials.
6.2 VTE System
VTE samples which are discussed in this work were produced on an evaporation system
with the capability to process substrates up to 5 ·5 cm2 in size. The tool has a limitation
to five crucibles for organic materials plus one lithium fluoride (LiF) and one aluminum
(Al) source for the deposition of the cathode contact. To load and unload substrates,
the whole deposition chamber has to be exposed to air which leads to long (>3 hours)
pumping times to achieve suitable pressures of ≈ 10−6 mbar for OLED fabrication.
The substrate is not rotated during material deposition, but homogeneous deposition is
achieved by a long distance between crucibles and substrate. This long distance also
results in the disadvantage of a poor material utilization efficiency. The tool is equipped
with individual shutters for each organic source, one substrate shutter and one oscillating
crystal to monitor the deposition rate. Consequently, for the deposition of doped layers,
the individual rates for matrix and dopant could only be monitored before the deposition
of the layer was initiated by covering either the matrix or the dopant crucible with a
shutter. After the completion of doped layers, the deposition rates were checked again to
see if a drift of any deposition rate could have led to an undesired dopant concentration
which may render the sample useless. For specially sensitive materials with unstable
deposition rates, the layer deposition was interrupted each 5 nm, the deposition rates
were checked and, if necessary, adjusted. After metallization and before encapsulation,
a short (<30 s) exposure of the sample to air could not be avoided.
The setup of the tool does not allow the fabrication of graded layers or layers with very
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low doping concentrations. In addition to this, mixing of more than two materials with
stable ratio is almost impossible. Nevertheless, simple OLED with layer stacks employing
no more than five different organic materials could be deposited with high reproducibility.
Furthermore, the simple setup allowed the quick exchange of organic materials which is
the reason why this tool was employed for the optimization of blue devices in Chapter 8,
for example.
ITO-coated glass substrates which were processed in the VTE system were carefully
cleaned by scrubbing with an alkaline solution followed by ultra- and megasonic cleaning
in D.I. water as well as an UV ozone treatment prior to the deposition process.
6.3 Measurement Methods
Cyclic Voltammetry
CV is an electrolytic method which uses micro-electrodes and an un-stirred solution of
solvent and analyte so that the measured current is limited by analyte diffusion at the
electrode surface. The electrode potential is ramped linearly to a more negative potential
and then ramped in reverse back to the starting voltage. The forward scan produces a
current peak for any analytes which can be reduced through the range of the potential
scan. The current will increase as the potential reaches the reduction potential of the
analyte and subsequently falls off as the concentration of the analyte is depleted close to
the electrode surface. As the applied potential is reversed, it will reach a potential which
will re-oxidize the product formed in the first reduction reaction. Thereby, a current of
reverse polarity from the forward scan is produced.
The HOMO of the organic material under investigation can be derived from the oxida-
tion potential while the LUMO can be determined from the reduction potential. More
information on the technique of CV can be found in [61].
Differential Scanning Calorimetry
DSC is a method which is part of the group of techniques called thermal analysis (TA).
TA is based upon the detection of changes in the enthalpy (heat content) or the specific
heat of a sample with temperature.
In DSC, the sample under investigation and a reference are both maintained at the tem-
perature predetermined by an automatic heating program. The amount of energy which
has to be supplied to or withdrawn from the test sample to maintain zero temperature
differential to the reference is the experimental parameter displayed at the ordinate of
the thermal analysis curve. The ordinate signal is proportional to the specific heat of
the sample since the specific heat at any temperature determines the amount of thermal
energy necessary to change the sample temperature by a given amount. Any transition
accompanied by the change in specific heat produces a discontinuity in the power signal.
Exothermic or endothermic enthalpy changes result in peaks whose areas are proportional
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to the total enthalpy change [62].
For organic materials used to fabricate OLED, DSC is an important means to determine
glass transition temperatures, melting points and in some cases decomposition tempera-
tures.
Ultraviolet Photoelectron Spectroscopy
In UPS, electrons are emitted from occupied valence band states by irradiation with
photons of energy hν. The detected spectral distribution thus reflects the density of
occupied states, with a superimposed background of true secondary electrons, which
have undergone several inelastic processes on their way from the point of excitation to
the solid surface. The probing depth in UPS is only some nanometers. The measured
electron distribution thus yields information about the electronic band structure at the
very surface.
From the width of the UPS spectrum, the IP can be calculated. The width of the
electronic energy distribution curve WEDC is the energetic difference between the onset
of secondary electron emission (SEE) and the high-energy cut-off at the valence band
maximum (VBM) or, which is the same, the HOMO. The IP is calculated by:
IP = hν −WEDC = hν − (EV BM − ESEE). (6.1)
The work function Φ can be derived from the onset of SEE if the position of the Fermi
energy EFermi is known:
Φ = hν − (EFermi − ESEE). (6.2)
For more details on the interpretation of UPS spectra see [63].
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7 Properties of Utilized Organic
Materials and Evaluation of OVPD
Process Stability
This chapter briefly deals with selected properties of the organic materials which were
used within the scope of this work. An overview of melting points, glass transition
temperatures, ionization energies, and optical bandgaps will be given. Furthermore,
the long-term thermal stability of organic materials for the use in the OVPD tool was
investigated.
In addition to this, experiments to determine the stability and reproducibility of the OVPD
process were conducted. Attention was paid to the deposition of single organic layers as
well as complete multilayer devices.
7.1 Properties of Utilized Organic Materials
Out of the variety of properties of organic materials, some were of special interest for this
work. On one hand, there are electro-optical properties such as the ionization energy,
optical bandgap and charge carrier mobilities, which are always important for the under-
standing and improvement of device operation. On the other hand, parameters such as
the thermal stability or the melting point (Tm) are of crucial interest when it comes to
the selection of source container temperatures for OVPD. Unlike in VTE research tools,
organic materials are kept at high temperatures over long periods of time in OVPD tools,
which leads to special demands in regard to the thermal stability of these materials. This
requirement is a limitation of OVPD in comparison to VTE at the first glance only. VTE
tools which are designed for production instead of research purposes have comparable
demands for material stability, since the organic materials have to be kept at evaporation
conditions over a long period of (production) time as well. Table 7.1 shows an overview
of thermal properties of materials which were used for OVPD.
Melting points and glass transition temperatures were determined by DSC (see Chapter
6.3). Thermal stability was investigated by sealing a small amount of organic material
in quartz ampules at a pressure of 10 mbar in a nitrogen ambient. Subsequently, the
ampules were heated to a specific temperature. After a designated period of time had
elapsed, the ampules were opened and the purity of the organic material was determined
by high performance liquid chromatography (HPLC). By this method, the grade of de-
composition at the chosen temperature over time could be measured. It was a goal of
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Table 7.1: Melting points, glass transition temperatures and results of thermal stability studies of
materials which were used for OVPD.
Material Melting Glass transition Thermal stability
point Tm temperature Tg % of decomposition
α-NPD 277◦C [64] 96◦C [64] stable
Alq3 419◦C [65] N/A stable
BE1 206◦C (DSC) 99◦C (DSC) 12 days at 320◦C: 0.9%
6 days at 340◦C: 2%
BH1 407◦C (DSC) 148◦C (DSC) 12 days at 340◦C: < 0.1%
CBP 285◦C [66] N/A stable
HIM1 296◦C (DSC) 145◦C (DSC) 14 days at 320◦C: < 0.1%
Ir(ppy)3 328◦C [67] N/A stable
PH1 384◦C (DSC) 166◦C (DSC) 12 days at 340◦C: 0.9%
RE1 N/A N/A 2 days at 320◦C: 1%
5 days at 360◦C: 2-3%
7 days at 360◦C: 5%
10 days at 360◦C: 10%
this work, to investigate the whole process relevant for OVPD, starting from the chemical
properties of the organic materials, the transport properties in the vapor phase, impact
of process parameters on singe layers and last but not least, the fabrication of complete
OLED. In terms of chemical properties, the results of the quartz ampule tests delivered
valuable input for the estimation of the maximum source container temperature which
could be used for each material. Materials which are categorized as ’stable’ in Table 7.1
had been evaluated before already.
An advanced method of the quartz ampule test delivers additional information on the
estimated evaporation temperature of the material. To achieve this, the ampule is heated
to the target temperature partially only while the top part is not heated. This leads to
the formation of a cold spot in which evaporated material condensates. The temperature
of the ampule is increased until deposition of material in the cold spot is visible. If the
purities of the condensate and the originally filled material are determined separately,
information on possible decomposition of the original material as well as possible evapo-
ration of decomposition products may be gained.
While most materials, such as HIM1, show excellent stability over time with a decom-
position of < 0.1% after 14 days at 320◦C, there is one material, which is particularly
temperature-sensitive, namely RE1. It shows a decomposition of 10% after 10 days at
360◦C. Special attention had to be paid when this material was used in OVPD over a long
period of time. If the chemical products of the decomposition tend to evaporate and are
embedded into the organic layers of an OLED, decreased efficiency or faster degradation
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Table 7.2: Ionization potentials measured by UPS and CV as well as optical bandgaps of materials
used within this work. (*Triplet bandgap)
Material IP by UPS IP by CV Optical band-
(eV) (eV) gap (eV)
α-NPD 5.5 5.2 2.8
Alq3 5.8 5.5 2.5
BAlq 6.5 - 4.1
BE1 - 5.1 2.8
BH1 - 5.6 2.9
CBP 6.2 5.7 2.6∗ [68]
HIM1 - 4.9 3.1
Ir(ppy)3 5.3 - 2.4 [69]
PH1 - 6.2 3.3
RE1 5.5 5.1 2.1
TPBI 6.3 - 3.5 [70]
are only two possible results.
Table 7.2 shows the IP and optical bandgaps of organic materials used within this work.
UPS and CV (see Chapter 6.3) were used to determine the IP of the materials. If results
were obtained from literature, the source is stated beside the value. The IP and the
optical bandgap of BPhen are not given in the above table, but the HOMO and LUMO
levels were calculated from redox potentials as -6.2 and -2.4 eV, respectively. The elec-
tron affinity of the p-dopant F4TCNQ which was employed in this work is 5.24 eV [71].
Comparing the results for the IP from UPS with the ones from CV, it shows that the CV
values are systematically lower than the ones from UPS. This phenomenon is visualized
in Figure 7.1. The linear fit results in the equation
I(CV ) = −1.921 + 1.279 · I(UPS)
The reason for this relation is unclear, but the effect has to be kept in mind when
comparing UPS and CV data.
7.2 Temperature Stability of Organic Sources and
Homogeneity of Material Deposition
In OVPD, there is no direct line of sight between the organic source and the substrate.
The organic materials are transported by an inert carrier gas through a heated piping
system to the substrate. In VTE systems, the deposition rate depends on the tempera-
ture of the organic source as well as geometric aspects. In OVPD, the source container
temperature is set to a suitable value, at which the organic material evaporates, and
the deposition rate is then primarily adjusted by the flow of carrier gas as described in
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Figure 7.1: Comparison of ionization energies obtained by UPS and CV.
Chapter 5. The carrier gas flow again is set by MFC. Consequently, the stability of the
deposition rate in OVPD depends on the constancy of the carrier gas flow as well as on
the stability of the source container temperature. Of course, this consideration is true
only if a constant degree of saturation of the carrier gas with source material can be
assumed. Due to the source container design which ensures a large evaporation surface
of the organic materials in the OVPD system employed within this work, this prerequisite
can be assumed as fulfilled. Furthermore, MFC are state of the art components and their
accuracy is well known. Therefore, only the temperature stability of the organic sources
was investigated within this work. Figure 7.2 shows an example of the devolution of the
container temperature, which was measured by a thermo couple (TC), over a period of
four weeks.
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Figure 7.2: Temperature stability of an OVPD source container for organic material over a period of
four weeks.
It shows a temperature fluctuation of only ±0.1◦C which is an excellent value and should
be more than sufficient to guarantee stable deposition rates over a long period of time.
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The actual run-to-run (RtR) and day-to-day (DtD) reproducibility will be discussed in
Section 7.3.
Another important basic aspect which needs to be investigated is the lateral homo-
geneity of the deposition of organic material. The employed OVPD system is capable
of coating substrates with sizes up to 15 · 15 cm2 as described in Chapter 6. If OLED
with such large areas are to be produced, the homogeneity of the deposition is crucial
to achieve a uniform optical impression in terms of color and brightness. To investigate
the uniformity of the deposition, a 6" Si wafer was coated with α-NPD at a deposition
rate of 0.275 nm/s. During the deposition, the wafer was rotated at a speed of 2 rounds
per minute (rpm). The resulting thickness of the organic material was measured ex-situ
by ellipsometry with an edge exclusion of 1 cm. Figure 7.3 shows the resulting thickness
profile of α-NPD.
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Figure 7.3: Homogeneity of organic material deposition on a 6" Si wafer.
The edge exclusion was chosen because of the special geometry of the Si wafer holder
which leads to a disturbance in the laminar gas flow at the rim of the wafer and thus,
to locally inhomogeneous deposition. The resulting thickness profile is almost perfectly
rotation-symmetric with a minimum thickness of 137.1 nm at the center of the wafer and
a maximum thickness of 140 nm at a position -6.5 cm off-center. The standard deviation
of the thickness is 0.9 nm. An additional experiment showed that the rotation-symmetric
characteristic is also present if the wafer is not rotated during the deposition process.
Thus, the thickness profile must result from the distribution of organic material in the
deposition chamber. This result indicates that a continuous rotation of the substrate is
not necessary which allows for a simplified machine design. Continuous rotation requires
special rotary feedthroughs which may increase the error-proneness of the system. If they
could be omitted in further setups, the complexity and cost of the machine could be
reduced and the reliability possibly increased.
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7.3 Run-to-Run and Day-to-Day Stability of Organic
Single Layer Deposition
As mentioned above, the short-term stability of deposition rates in OVPD should, in
theory, only depend on the temperature constancy of the organic source container as well
as the stability of the carrier gas flow, which is controlled by an MFC. In addition to this,
a stable pressure inside the deposition chamber is a requirement. Long-term stability of
the deposition rates over several days or weeks also depends on properties such as the
thermal stability or the consumption of the organic material, for example. Nevertheless,
these effects are not system-related and are not taken into account in this chapter, in
which the stability of the OVPD process and system are to be investigated.
The RtR reproducibility was tested by subsequent coating of seven segments on a 6" Si
wafer with Alq3 for 200 s at a carrier gas flow of 500 sccm. For details on the coating
of Si wafers, see Chapter 6. The term RtR may be misleading in this context, since it
associates that different runs were conducted. Here, RtR refers to a short-term stability,
which can also be tested in one experiment by coating several segments on a wafer sub-
sequently.
The average resulting thickness of the seven segments was 51.1 nm which, together with
the deposition time, leads to an average deposition rate of 0.255 nm/s. The maximum
thickness was 51.3 nm on the first segment, the minimum thickness 50.7 nm on the
third segment. A very low standard deviation of only 0.2 nm was achieved. This result
proves an excellent RtR reproducibility for organic single layers. Nevertheless, the total
process time for this wafer including mask rotation, stabilization of carrier gas flow etc.
was about 30 min only. Therefore, the question for the long-term stability of the OVPD
system over one or several days still has to be answered.
Over a period of four days, so-called calibration curves of α-NPD were recorded. A cali-
bration run delivers the deposition rate of an organic material versus the carrier gas flow
through the source container. For this purpose, up to 8 segments on a Si wafer are coated
with the organic material under investigation at various source flows for specific times.
The deposition rates corresponding to the employed source flows can be determined by
ex-situ measurement of the thickness of the segments and division by the deposition time.
In Figure 7.4 the resulting deposition rates which were measured on the first, the second
and the fourth day can be seen.
It shows that the OVPD system is highly reproducible not only over a short period of
time but also over several days. The highest absolute variance of the deposition rates was
measured at a source flow of 400 sccm at which the maximum rate is 0.74 nm/s while
the lowest is 0.72 nm/s. But despite the high accuracy of ellipsometry measurements
of approximately ±1 nm, these deviations might as well be a result of measurement
limitations (the organic film thicknesses were approximately 80 nm). However, it has
to be kept in mind that this result does not mean that any organic material will ex-
hibit identical deposition rates over a period of several days. If the source material is
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Figure 7.4: Deposition rate versus carrier gas flow of α-NPD over a period of four days to verify the
day-to-day stability of the OVPD process.
temperature-sensitive and decomposes quickly, the deposition rate may decrease due to
the reduction of available source material which can saturate the carrier gas. Because of
this, regular calibration runs are necessary.
7.4 Impact of Flow Profile on Deposition Rates
As shown above, the RtR and DtD stability of the OVPD process for the deposition of
organic single layers is very good. The calibration curves of α-NPD over a period of four
days were highly reproducible at carrier gas flows between 50 and 500 sccm. Neverthe-
less, the carrier gas flow through an organic source is only one of several different gas
flows which can be adjusted. In this chapter, the question whether the deposition rate of
an organic material depends on any other gas flow in the system beside the carrier gas
flow through the source container is investigated.
The employed OVPD tool is equipped with three separate furnaces each of which contains
four organic source containers. Each source is connected to an MFC upstream to control
the carrier gas flow either through the source container or a separate bypass line. The
furnaces are connected by so-called runlines (RL) to the deposition chamber. Each RL is
equipped with an MFC to introduce a dilution gas flow (Qdil) into the RL. All together,
there are 15 different process-relevant gas flows which can be set independently and sum
up to the total flow Qtot. A specific set-up for these flows is called a flow profile. A
detailed theoretical description of the relation between source flow and deposition rate
was given in Chapter 5.
Here, it is important to know that the only pressure which can be adjusted in the system
is the one inside the deposition chamber. Other pressures such as the one inside the
source containers or the RL are a result of the deposition chamber pressure, the flow pro-
file as well as the impedance of the piping. The pressure in each RL cannot be controlled
(because any control option would increase the minimum pressure), but is measured by
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a pressure gauge. A high gas flow through a RL leads to a higher pressure inside the
line and thus, to a higher pressure inside the source container. If the pressure inside the
source container increases, the gas phase concentration of the organic material decreases
and by this, the amount of material transported into the deposition chamber is reduced
(see Equation 5.2). Whether this effect is process-relevant depends on the magnitude of
the pressure difference in the RL.
For a better understanding, Figure 7.5 shows a schematic drawing of the setup. Only
three organic sources and only one RL are sketched.
Runline
Source containers
Deposition chamber
Showerhead
Substrate
Deposition chamber pressure P
(controlled by throttle valve)
Dilution flow
(MFC)
Pressure gauge
Source flows
(MFC)
Total flow Qtot
Exhaust
Pump
Figure 7.5: Illustration of the gas flow in the OVPD system.
Four experiments were conducted to investigate the influence of the flow profile on the
deposition rate. α-NPD was deposited at low as well as high source container flows. Ad-
ditionally, both of these experiments were conducted once at high, once at low dilution
flows in the RL. Note that for all of these runs, P was 0.9 mbar and the total flow into
the deposition chamber Qtot = 1000 sccm. Figure 7.6 shows the resulting deposition
rates of all four experiments.
The graph on the left shows the deposition rates at low source flows between 12 and
50 sccm, the graph on the right at high source flows between 300 and 500 sccm. In
both of these graphs, the red curves represent the deposition rates at low dilution flows
and the green ones at high dilution flows. To achieve a constant total flow of 1000 sccm
into the deposition chamber, the dilution flows in the remaining two RL which have no
impact on the RL under investigation were set to suitable values.
The most obvious result is that the curves are not identical for low and high dilution
flows, which means that there is an influence on the deposition rates. In general, higher
deposition rates are achieved if a smaller dilution flow is employed. The measured pres-
sures in the RL during the experiments are given in Figure 7.6 as well. At low source
flows and a dilution flow of 50 sccm, the resulting runline pressure (PRL) is 16.5 mbar.
At Qdil = 650 sccm, PRL increases to 59.5 mbar. For high source flows, this effect is of
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Figure 7.6: Deposition rate of α-NPD at source flows from 12 to 50 sccm (left) and from 300 to 500
sccm (right). The red curves show the deposition rates at low, the green curves at high
dilution flows.
comparable magnitude: PRL equals 12.8 mbar for Qdil = 25 sccm and is between 40.6
and 52.9 mbar for Qdil = 325−525 sccm. For this last experiment, no fixed high dilution
flow could be used, because the total flow for all experiments had to be 1000 sccm for
better comparability. Therefore, the dilution flow was set in such a way that the highest
possible value was used without exceeding Qtot = 1000 sccm.
The reduction of the deposition rate with an increase of the dilution flow can be explained
by the resulting increase of the pressure in the RL and its impact on the pressure inside
the source container, as described above. At a source flow of 500 sccm, the deposition
rate at Qdil = 25 sccm is 2.6% higher than at Qdil = 325 sccm. This difference is
measurable, but most probably negligible when it comes to the fabrication of OLED. On
the other hand, for a source flow of 12 sccm, the deposition rate at Qdil = 50 sccm is
14.3% higher than at Qdil = 650 sccm.
The discrepancy at high and low source flows can be explained by two factors. First, the
selected difference of the dilution flows was 600 sccm for the smaller source flows while
it was 300 - 500 sccm only for the high source flows. Secondly, it makes sense to assume
that the influence of the RL pressure on the container pressure is more pronounced if the
source flow through the container is small. For high source flows, probably the container
pressure is dominated by the flow through it and only secondarily by the RL pressure.
The effect of the flow profile on the deposition rate has to be taken into account when
OLED are to be produced. Attention has to be paid that, beside the source flow, the
complete flow profile for the deposition of organic layers is identical to the one which was
used for the related calibration run.
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7.5 Run-to-Run Stability of OLED
In the previous chapters, the RtR and DtD reproducibilities of the OVPD process for the
deposition of organic single layers was proven. Furthermore, it was found that special
attention has to be paid to the selection of the flow profile for the deposition of organic
films. Nevertheless, the question for the RtR and DtD stability of complete multilayer
device structures is unanswered. To test the RtR stability of the process on the device
level, four subsequent white OLED were fabricated with identical device structures. At
this point of time, the detailed topology and employed materials are not of interest.
Figure 7.7 shows the resulting EL spectra on the left and the corresponding power effi-
ciencies on the right hand side.
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Figure 7.7: EL spectra (left) and power efficiency (right) of four white OLED with identical device
structures which were produced subsequently to test the RtR stability of the OVPD process.
Obviously, the results are not identical though no difference in the device structure was
present. The blue portion in the spectra differs significantly and there is no trend notice-
able such as an increase of the blue fraction from experiment to experiment, for example.
The power efficiency is related to the EL spectra in such a way that a higher blue portion
leads to a lower efficiency. The spectrum of the OLED from Run 2 (purple curve) exhibits
the highest blue portion of all experiments and consequently, the lowest efficiency. On
the other hand, the spectrum of the device from Run 1 (dark yellow curve) shows the
lowest blue emission and at the same time, the highest efficiency. This result makes
sense since the blue emitter in this stack had a lower internal quantum efficiency than
the green and the red one. At a luminance of 1000 cd/m2, the highest power efficiency
is 4.2 lm/W for OLED number one, the lowest is 3.1 lm/W for OLED number two,
which equals a variation of ≈ ±15%. The standard deviation of the power efficiency at
1000 cd/m2 is 0.48 lm/W. At the first glance, this scatter of results for multilayer devices
is in contradiction to the high reproducibility of deposition rates for single organic layers.
The origin of this effect related to the bowing of substrates as well as a possible solution
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will be investigated from Chapter 9 onward. For now, it has to be kept in mind that the
reproducibility of multilayer devices with the current machine setup is limited.
7.6 Summary
In this chapter, results of thermal stability tests of organic materials which were used
in the OVPD tool were shown. One critical material was identified, which is the phos-
phorescent red emitter RE1. Quartz ampule tests showed a decomposition of 10% after
10 days at 360◦C. The source container temperature of this material has to be kept as
low as possible to avoid premature decomposition. The trade-off is a lower deposition
rate for this material and thus, higher deposition times. Furthermore, the performance
of OLED containing this material has to be monitored closely to detect possible negative
effects of decomposition as soon as possible.
Secondly, the IP of organic materials which were used within the scope of this work were
determined. This was done partially by UPS, partially by CV. A couple of materials were
tested with both methods and it was found that the IP measured by CV is systematically
lower than if measured by UPS. This result has to be taken into account if CV and UPS
values are used to understand energetic steps between two materials, for example.
The temperature stability of organic source containers in the OVPD system was investi-
gated and a fluctuation of ± 0.1◦C over a period of 4 weeks was found. Furthermore, the
uniformity of an organic single layer on a 6" Si wafer was measured. At a total thickness
of 140 nm, an excellent standard deviation of only 0.9 nm was determined.
The RtR reproducibility of organic single layers was shown by depositing seven segments
of Alq3 on a 6" Si wafer at a constant source flow and deposition time. The resulting
thicknesses of the seven organic films ranged from 50.7 to 51.1 nm. The standard devia-
tion was calculated to 0.2 nm. Furthermore, the DtD stability was proven by conducting
three calibration runs with identical process parameters in a period of four days. The
resulting deposition rates versus the source flow are almost identical. A maximum devia-
tion of ±0.01nm/s was found which is below the accuracy of the measurement method.
Thus, the RtR as well as the DtD reproducibility of the OVPD system for organic single
layers is proven.
In the last section, the RtR stability of the process for complete multilayer devices was
investigated. Four identical white OLED were fabricated subsequently. EL measurements
of the devices as well as efficiency measurements showed a scatter of results. In particu-
lar, the portion of blue emission in the spectra varied without any observable trend. The
variation of power efficiency at a luminance of 1000 cd/m2 was ±15%. It has to be
kept in mind that the reproducibility of OLED is limited with the machine setup used at
this point of time. The origin of the scattering (substrate bowing) as well as a possible
solution will be discussed from Chapter 9 onward.
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8 Development of Long-Living Blue
OLED with VTE for a Transfer to
OVPD
Excellent color rendering, which can only be achieved by mixing red, green and blue
emission, is a key issue for lighting applications. Additionally, long lifetimes are a crucial
requirement for OLED which are developed for lighting purposes. The durability of many
white emitting devices is limited by the employed blue emitter. While highly efficient and
stable phosphorescent organic emitters are available for the generation of green and red
light, phosphorescent materials for blue emission with acceptable lifetimes and efficiencies
are a topic of current research (see Chapter 4.3). The fact that the photon energy for
blue light is in the range of the bonding energy in the organic molecules poses a major
challenge. Until stable blue phosphorescent emitters are available, a hybrid approach
using a fluorescent blue in combination with phosphorescent red and green emitters is a
promising solution. In this chapter, a blue fluorescent host/guest (BH1:BE1) system is
investigated. Two different approaches for hole blocking layers (HBL) were tested as well
as the p-doping of the hole transport layer (HTL). Additionally, three different ETL were
employed in combination with p-doping of the HTL. These experiments allow conclusions
in regard to the charge carrier balance in the devices, which is an important factor for
the efficiency of the OLED (see Chapter 4.2).
8.1 The BH1:BE1 Host/Guest System
Prior to the experiments in regard to the HTL, HBL and ETL of the blue OLED, the
host/guest system BH1:BE1 was briefly investigated. The IP of BH1 and BE1 were
determined in Chapter 7.1 as 5.6 and 5.1 eV, respectively. The LUMO was calculated via
the optical bandgap as a first approximation, resulting in -2.7 eV for BH1 and -2.3 eV for
BE1. Commonly, the energy levels of the dopant are energetically located in between the
ones of the matrix material in fluorescent host/guest systems. This leads to a localization
of electrons and holes, which are transported by the host material, on the dopant and
thus, to the formation of excitons, which can recombine radiatively (see Chapter 3.2).
In the case of BH1:BE1, the LUMO level of the dopant is energetically above the one
of the matrix, which makes a conventional exciton formation and recombination process
less likely. In addition to the location of the LUMO levels, BH1 conducts electrons well,
according to the supplier of the material, which makes it even less likely that electrons
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hop to states of higher energy in BE1. Therefore, excitons on the dopant are probably
created by another physical process. It is probable that excitons form on the host material
and then are non-radiatively transferred by dipole-dipole coupling to the dopant. This
process is called Förster energy transfer (see Chapter 3.2). To allow an efficient Förster
energy transfer, there must be an overlap of the emission spectrum of the host material
as well as the absorption spectrum of the guest molecules. Both these spectra are shown
in Figure 8.1 from which can be seen that this overlap indeed is present for the BH1:BE1
system.
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Figure 8.1: Emission spectrum of the host material BH1 (blue) and absorption spectrum of the emitter
material BE1 (orange).
This fact supports the assumption of a Förster energy transfer, the typical radii of which
are in the range of 5 to 10 nm (see Chapter 3.2). Conclusively, a relatively low doping
concentration of BE1 in BH1 should be sufficient. Nevertheless, BH1 is supposed to be a
poor hole conducting material and additionally exhibits a low HOMO level of -5.6 eV. If a
hole transport material (HTM) such as α-NPD is employed, a high energy barrier for holes
of about 0.4 eV will be present which constricts the efficient hole injection into the EML.
On the other hand, BE1 exhibits a HOMO of -5.1 eV which is almost equal to the one of
α-NPD. Furthermore, BE1 is a better hole conductor than BH1. All together, this leads
to the fact that the doping concentration of BE1 in BH1 is crucial for an efficient device
operation. On one hand, the density of guest molecules should be high enough to allow
partial hole transport via their HOMO states, on the other hand, the density has to be
low enough to force holes onto the HOMO states of the host material, because otherwise
no Förster energy transfer can take place. For the materials employed in the following
section, a doping concentration of 5 wt% turned out to be a good compromise. If higher
concentrations are used (7% and above), devices become less efficient. Assumably this is
partly due to a leaking of holes into the ETL, partly because of a hindered Förster transfer.
To support this assumption, a device with 5% doping concentration was compared to a
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device with 9% doping concentration of BE1 in BH1. The efficiencies reduce from 5.8 to
5.0 cd/A and 3.0 to 2.7 lm/W at 1000 cd/m2. Furthermore, the color coordinates shift
from x = 0.176/y = 0.269 towards the blueish green regime at x = 0.222/y = 0.349.
Both these effects can be explained by a leaking of holes into the Alq3 ETL. Emission
from Alq3 is comparably inefficient with a green color and thus can be accounted for the
difference in chromaticity and the drop in efficiency. This can be considered as a further
hardening of the assumption that holes are transported via the HOMO states of BE1 in
the EML. For the further experiments, a dopant concentration of 5% was used.
8.2 Description of Employed Device Structures
Two classes (A, B) of organic electroluminescent devices were fabricated. The VTE re-
search tool, which was described in Chapter 6, was employed for the fabrication of the
OLED because several materials were to be investigated and the VTE system allowed a
quick exchange of organic sources. An overview of the samples discussed in this chapter
is given in Table 8.1.
Table 8.1: Overview of HTL, HBL and ETL of blue OLED. The emission layers of all samples consist
of 30 nm BH1:BE1 with a doping concentration of 5 wt%.
Sample HTL (50 nm) HBL (10 nm) ETL (20 nm)
A-1 α-NPD - Alq3
A-2 α-NPD BAlq Alq3
A-3 α-NPD BH1 Alq3
B-1 α-NPD:F4TCNQ/α-NPD BH1 Alq3
B-2 α-NPD:F4TCNQ/α-NPD BH1 BPhen
B-3 α-NPD:F4TCNQ/α-NPD BH1 TPBI
All devices consisted of a 50 nm HTL, a 30 nm EML and a 20 nm ETL. The emission
layers of all samples were a composite of the host material BH1 which was doped with
5 wt% of BE1. For the three devices A-1 to A-3, α-NPD was used on the anode side of
the devices as HTM and Alq3 as electron transport material (ETM) on the cathode side.
While sample A-1 had no particular HBL, in devices A-2 and A-3, BAlq and undoped
BH1 were used, respectively. For sample set B, p-doping with F4-TCNQ was introduced.
The 50 nm α-NPD HTL was separated into 40 nm which were doped with 3.5 wt% of
F4-TCNQ and a 10 nm undoped α-NPD layer which served as a separator between the
conductivity doping and the EML. For samples B-1, B-2 and B-3, Alq3, BPhen and TPBI
were used as ETM, respectively. All samples were covered with a LiF/Al cathode.
Current and luminance versus applied voltage were measured using an HP 3245A Uni-
versal Source, an LMT L1009 Luminance Meter and a Keithley 2000 Digital Multimeter.
For the measurement of the EL spectra at room temperature (RT), a Photo Research
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SpectraScan PR705 spectrometer was employed. The lifetime measurements were con-
ducted at a constant current of 5 mA, which results in a current density of 20 mA/cm2.
Photo diodes were used to monitor the light output versus time.
8.3 Discussion of Efficiencies and Lifetimes of Blue OLED
The goal of device set A was to investigate the influence of an additional HBL on the
device performance. As a first and simple device, sample A-1 was fabricated without
any particular HBL. Figure 8.2 shows the EL spectra of this device at different current
densities.
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Figure 8.2: Normalized EL spectra of sample A-1 at different current densities. The dashed red line is
a reference Alq3 spectrum.
The dashed red line shows a reference EL spectrum of Alq3. It can be seen that the
spectrum of sample A-1 at a low current density of 0.2 mA/cm2 is almost exclusively
made up by Alq3 emission with a maximum at a wavelength of 527 nm. At a current
density of 0.5 mA/cm2, the emission peak is shifted down to 497 nm, at a significantly
higher current density of 12 mA/cm2 down to 467 nm. This behavior indicates that
holes leak into the Alq3 ETL, especially at low current densities, at which the electron
mobility (e-mobility) in Alq3 is still low [72]. To prevent holes from reaching the ETL,
two different hole-blocking strategies were tested. In sample A-2, a 10 nm thick HBL of
BAlq was inserted between the EML and the ETL (see Table 8.1). By this, an energetic
step of 0.5 eV is introduced for holes from the EML to the HBL. In addition to this, an
undesired step of 0.6 eV for electrons coming from the Alq3 ETL is created. In sample
A-3, between the EML and the ETL, an undoped BH1 layer of 10 nm thickness was
deposited (see Table 8.1). The reason for this was the speculation that BH1 conducts
electrons better than holes. If this was the case, the undoped BH1 layer would produce a
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stronger mobility barrier for holes than for electrons and thus, comprise a hole-blocking
effect without creating the additional energetic step for electrons. A comparison of the
power efficiencies versus the current density of samples A-1 to A-3 is given in Figure 8.3
on the left. On the right, EL spectra of samples A2 and A3 both at low and at high
current densities are shown.
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Figure 8.3: Current efficiency versus current density of samples A-1 (no HBL), A-2 (BAlq HBL) and
A-3 (BH1 HBL) (left), EL spectra of A-2 and A-3 both at low and high current densities
(right).
A pronounced difference between sample A-1 without HBL and samples A-2 and A-3
with HBL can be observed. At a current density of 20 mA/cm2 (vertical dashed line),
the power efficiency of sample A-1 is 5.7 cd/A, while A-2 and A-3 exhibit efficiencies of
7.2 cd/A and 7.4 cd/A, respectively. This result shows that both types of hole-blocking
strategies employed here work almost equally well. At current densities smaller than
about 5 mA/cm2, A-2 shows slightly higher efficiencies than A-3 which is reversed at
current densities higher than 12 mA/cm2. This can be interpreted such, that at low
voltages, at which a strong charge imbalance is supposed to be present in the device due
to the small e-mobility in Alq3, the BH1 film cannot successfully block all holes coming
from the EML by means of low mobility so that a very small amount still leaks into the
Alq3. Due to the energetic step of 0.5 eV formed by the BAlq in device A-2, this effect
does not occur, leading to a slightly better performance at low voltages for this sample.
At higher voltages, the e-mobility in Alq3 increases and thus, the charge imbalance in the
device is reduced. From then on, the BH1 HBL is able to prevent holes from diffusing
into the ETL. This assumption is further hardened when taking a look at the EL spectra
of devices A-2 and A-3 (see Figure 8.3 right). At low current densities, sample A-3 with
BH1 HBL shows a minor Alq3 component while sample A-3 exhibits no Alq3 emission at
all voltages. At current densities above 0.1 mA/cm2, no Alq3 emission is observable for
sample A-3 anymore. In summary, an additional HBL in the device has proven useful and
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the current efficiency could be increased by about 28%. Employing BH1 as hole blocking
material has the advantage that no additional organic material is required to form the
HBL.
For the following experiments, the simpler device setup with 10 nm of undoped BH1
as HBL was chosen. In sample set B, the influence of p-doping of the α-NPD HTL
was investigated. Sample A-3 served as a reference device. For sample B-1, the device
structure of sample A-3 was taken, but the 50 nm α-NPD HTL layer was split into 40 nm
F4-TCNQ-doped α-NPD followed by a spacer of 10 nm undoped α-NPD to avoid emis-
sion quenching by the dopant. At first glance, the HOMO level of α-NPD might seem
a bit low for an effective p-doping with F4-TCNQ, but Pfeiffer et al. have shown that
a partial charge transfer to F4-TCNQ takes place for host materials with a HOMO level
of around 5.4 eV, such as N,N’-bis(3-methylphenyl)-N,N’-bis(phenyl)-benzidine (TPD)
[73]. For samples B-2 and B-3, BPhen and TPBI were used as alternative ETM to Alq3,
respectively. Figure 8.4 shows the current efficiency versus the current density on the left
as well as the power efficiency versus the luminance on the right hand side for devices
B-1 to B-3 as well as for device A-3 for reference.
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Figure 8.4: Current (left) and power (right) efficiencies of samples A-3 (reference), and B-1 to B-3
with F4-TCNQ doping and different ETM.
Taking a look at the power efficiency of device B-1 compared to the one of A-3, it strikes
that the p-doping of the HTL leads to significantly reduced efficiencies. Conclusively, the
doping leads to an imbalance of charge carriers in favor of holes, since the hole injection
as well as the transport should be enhanced by the p-doping. Therefore, an ETM with
higher e-mobility should improve the efficiency. To confirm this assumption, BPhen was
employed as ETM in sample B-2. The e-mobility in BPhen is remarkably higher than
in Alq3. At an electric field of about 500 kV/cm, Alq3 and BPhen exhibit e-mobilities
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of 6.3 · 10−6 cm2/V s and 5.2 · 10−4 cm2/V s, respectively [72, 74]. From the current
efficiencies of samples B-2 and A-3, it can be seen that the charge balance in the device
could be reestablished by using BPhen as ETM. While the current efficiency of sample
A-3 increases slightly at higher current density, the one of sample B-2 shows a flat char-
acteristic with no change from low to high current densities. This effect can be attributed
to the smaller dependency of e-mobility on the applied field in BPhen compared to Alq3.
For a description of the field dependency of charge carrier mobility see Chapter 3.1.3. As
a third ETM, TPBI was used in sample B-3. Among sample set B, this device shows the
poorest current efficiency as can be seen from Figure 8.4 on the left. Assumably, this is
caused by the facts, that on one hand, the e-mobility in TPBI is not significantly higher
than in Alq3, and on the other hand, the LUMO of TPBI is about 0.3 eV higher than
those of Alq3 and BPhen. The latter might cause a decreased injection of electrons from
the LiF/Al cathode into TPBI which then leads to a shifted I-V curve (not shown) and
an even increased charge imbalance in favor of holes inside the device. Taking a look
at the power efficiency plot in Figure 8.4, it is noticeable that the power efficiency of
sample B-1 (p-doped HTL and Alq3 as ETM) compared to sample A-3 (reference device
with Alq3 and undoped HTL) is not as distinctively lower as it could be expected from
the current efficiencies of these two devices. The reason for this is the fact that the I-V
curve (not shown) of sample B-1 is steeper due to the p-doping of the HTL which partly
compensates for the poorer current efficiency. The combination of steeper I-V curve and
reestablished charge balance in sample B-2 leads to a drastic increase in power efficiency.
Compared to the reference sample A-3, the peak power efficiency could be increased by
50% from 3.8 to 5.7 lm/W and the power efficiency at 1000 cd/m2 by 38% from 3.2 to
4.4 lm/W. As expected, the power efficiency of device B-3 with TPBI as ETM suffers
from the poor current efficiency.
Figure 8.5 shows the light output of devices B-1 to B-3 versus time (constant current of
5 mA). Sample B-3 with TPBI exhibits the poorest lifetime.
50% of the initial light output was reached after 39 hours only. Sample B-2 with BPhen
performed better than that, still the lifetime of 125 hours is mediocre. Sample B-1 with
Alq3 as ETM showed an excellent lifetime of extrapolated 2000 hours until 50% of the
initial light output (1700 cd/m2) was reached. The lifetime curve of reference sample
A-3 is not shown in Figure 8.5 because it is identical with that of sample B-1. This
shows that the p-doping of the HTL does not influence the devices in terms of lifetime.
In conclusion, sample B-2 with a combination of F4-TCNQ-doped α-NPD and BPhen as
ETL showed the highest power efficiency of all devices. Yet, the lifetime of this device
is drastically lower compared to samples A-3 and B-1 with Alq3 as ETL. The reason for
this effect could be the low glass transition temperature of BPhen of 62◦C, as suggested
in [75].
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Figure 8.5: Light output versus time of blue OLED B-1 to B-3 at a constant current of 5 mA.
8.4 Summary
In this chapter, the fluorescent light-blue emitting host/guest system BH1:BE1 was in-
vestigated. On the basis of the determined HOMO/LUMO levels of both materials, it
was deliberated about the charge transport as well as the energy transfer in the EML.
Due to the fact that the HOMO/LUMO levels of the emissive dopant are not energet-
ically enclosed by the matrix material, and in addition to this, a pronounced overlap of
the emission spectrum of BH1 and the absorption spectrum of BE1 exists, a Förster en-
ergy transfer from the host to the dopant is suspected. Nevertheless, the hole transport
is probably via the HOMO states of the dopant, which is supported by experiments in
regard to the doping concentration of BE1 in BH1.
In the following, the impact of an additional HBL in the blue emitting device stacks was
discussed and furthermore, the influence of different charge transport materials on the
anode as well as on the cathode side was tested. It was found that an additional HBL
enables higher current efficiencies compared to devices without HBL. In one sample, a
10 nm thick HBL of BAlq was inserted between the EML and the ETL, while in another
sample a 10 nm thick layer of undoped BH1 material was utilized. Both of these samples
showed comparable performance better than the device without any HBL. This indicates
that not all holes injected from the anode recombine in the EML but some leak into the
ETL, which can be prevented by the use of a HBL.
In a next step, p-doping of the HTL with F4-TCNQ was tested in combination with BH1
as HBL. The result was a clearly lower current efficiency compared to the device with
an undoped HTL. This was attributed to a disruption of the charge balance in favor of
holes. This assumption could be supported by the fabrication of a device with p-doped
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HTL and BPhen as ETL with higher e-mobility. This better e-mobility in BPhen led to
a reestablished charge balance. In addition to that, employing p-doping in combination
with BPhen resulted in a steeper I-V curve of the device. The peak power efficiency could
be increased by 50% to 5.7 lm/W and the power efficiency at a brightness of 1000 cd/m2
by 38% to 4.4 lm/W. Nevertheless, the device with BPhen as ETM showed drastically
lower lifetimes than the ones with Alq3 as ETM. While the device with BPhen reached
50% of the initial light output after 125 hours already, the device with Alq3 as ETM
exhibited an extrapolated lifetime of 2000 hours for an initial luminance of 1700 cd/m2.
In summary, p-doping is only useful if charge balance remains or can be reestablished by
employing different ETL or n-type doping. The charge balance in the OLED proves to
be an essential property for efficiency.
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9 Development of Red, Green and
Blue Monochrome OLED with
OVPD
In the previous chapter, VTE was used to develop blue OLED with the fluorescent
host/guest system BH1:BE1. Here, the experience from VTE is used and the OLED
stack (materials, sequence, thicknesses) transferred to the OVPD system. The influence
of the OVPD process parameters coolant temperature TC as well as deposition chamber
pressure P on the device performance is examined.
Beside fluorescent blue OLED, a brief look is taken at phosphorescent red devices and
how the process parameter TC changes their performance. The difference between OLED
with either α-NPD or HIM1 (see Chapter refE1) as starting layer is investigated. Single
layers of α-NPD and HIM1 were deposited at different TC .
For phosphorescent green OLED, a twofold emission layer is introduced and a detailed
design of experiments (DoE) on the optimal film thicknesses and doping concentrations
of these layers was conducted.
9.1 Influence of Coolant Temperature and Deposition
Chamber Pressure on Organic Single Layers and
Monochrome Blue OLED
Based on the experience on blue OLED with the host/guest system BH1:BE1 from the
previous chapter, a similar blue stack was introduced on the OVPD system. A 10 nm
BH1 HBL was used in combination with Alq3 as ETM. Unlike in VTE, a slightly higher
doping concentration of 6 vol% BE1 in BH1 was chosen. This was due to the fact
that previous experiments with OVPD had shown that doped layers deposited by OVPD
mostly require a bit higher doping concentrations than VTE-deposited layers. The reason
might be a different distribution/interrelation between guest and host molecules in OVPD.
Nevertheless, no detailed investigations on this topic were conducted within the scope of
this work. The employed device structure can be seen in Figure 9.1.
This stack was used to investigate the influence of the process parameters TC and P
for the deposition of BH1 and BE1 on the device performance. Since the focus was on
these two materials, TC and P were kept constant for the deposition of the HIL, HTL
and ETL. The thicknesses of the organic layers as well as the doping concentration in
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Figure 9.1: Structure of monochrome blue OLED with the fluorescent host/guest system BH1:BE1.
the emission layer were identical for all devices. For the deposition of the BH1:BE1 EML
and the BH1 HBL, P was varied between 0.6 and 1.3 mbar, TC between 10◦C and 50◦C.
Organic single layers of BH1:BE1 were deposited on plain glass substrates using the same
process parameters as in the device. Furthermore, the doping concentration as well as the
thickness of 30 nm for these single layers were identical to the EML used in the OLED.
Table 9.1 shows a list of fluorescent blue OLED (B) and single layers (SLB) which were
fabricated firstly.
Table 9.1: Fluorescent blue OLED B1 - B5 and organic single layers SLB1 - SLB5 with corresponding
TC and P .
Sample B1 / SLB1 B2 / SLB2 B3 / SLB3 B4 / SLB4 B5 / SLB5
TC (◦C) 10 30 30 30 50
P (mbar) 1.3 0.9 1.3 1.6 1.3
Current-voltage-luminance (I-V-L) measurements were conducted on the OLED as well
as atomic force microscopy (AFM) measurements on the organic single layers. The scan
area for the latter was 10 ·10 μm2. For reference, the root mean square (rms) roughness
(Rrms) of a plain glass substrate was determined to 0.7 nm. A strong impact of the
process parameters on the current efficiencies (ηcurrent) of the OLED could be observed.
At a current density of 40 mA/cm2, the lowest current efficiency was 4.2 cd/A, the
highest 6.8 cd/A. This corresponds to an increase of 62% which was achieved by altering
the process parameters for the deposition of the EML and the HBL only. The correlation
between P as well as TC and the resulting current and power efficiencies are shown in
Figure 9.2.
The current efficiency ηcurrent and the power efficiency ηpower are plotted versus P at a
constant TC of 30◦C (left) and versus TC at a fixed P of 1.3 mbar. It shows that the
resulting efficiencies are highest if a pressure of 1.3 mbar is selected at a TC of 30◦C.
Both, 0.9 and 1.6 mbar lead to significantly lower efficiencies. The variation of TC at
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Figure 9.2: Current and power efficiencies of blue OLED versus P at TC = 30◦C (left) and versus TC
at P = 1.3 mbar (right).
a fixed pressure of 1.3 mbar indicates a trend of increasing efficiencies with decreasing
coolant temperature. The highest efficiency was achieved at TC = 10◦C. Next to the
data points in the graphs, the Rrms values of the single layers of BH1:BE1 are stated.
For the sake of a better overview, the determined rms roughnesses of the single layers as
well as the current efficiencies of the corresponding OLED are given in Table 9.2 together
with the respective process parameters P and TC .
Table 9.2: rms roughness of single layers SLB1 - SLB5 and current efficiencies of blue OLED B1 - B5
at a current density of J = 40 mA/cm2 together with respective process parameters P and
TC .
Sample B1 / SLB1 B2 / SLB2 B3 / SLB3 B4 / SLB4 B5 / SLB5
Rrms (nm) 1.4 6.3 3.8 3.5 57.8
ηcurrent (cd/A) 6.8 4.3 5.8 4.5 5.2
TC (◦C) 10 30 30 30 50
P (mbar) 1.3 0.9 1.3 1.6 1.3
A correlation between TC and the roughness of the organic single layers can be seen. For
TC = 10◦C (B1/SLB1), the lowest Rrms value of 1.4 nm was found. At TC = 30◦C
(B2/SLB2) and the same pressure of 1.3 mbar, Rrms increases to 3.8 nm and jumps to
57.8 nm at TC = 50◦C. At the same time, the current efficiency decreases when the
substrate temperature is increased. Therefore, TC appears to have a direct influence on
the roughness of the BH1:BE1 layer which again has direct impact on the performance of
the OLED. Nevertheless, the dramatic increase of the rms roughness value for B5/SLB5
is accompanied by a comparably small decrease of ηcurrent. This fact may indicate
a different nucleation/film formation behavior of the organic material on plain glass
substrates, as they were used here for the single layers, than on the previously deposited
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α-NPD, as it is the case for the complete OLED structure.
For the variation of P , no such correlation between film roughness and efficiency could be
found. But as a matter of fact, changing P does alter the roughness of the organic film.
At a pressure of 0.9 mbar (B2/SLB2), an rms roughness value of 6.3 nm was measured,
at 1.3 mbar (B3/SLB3), the roughness was 3.8 nm and at 1.6 mbar (B4/SLB4), Rrms =
3.5 nm was found. But unlike above for the variation of TC , the lowest roughness of
the single layer does not correspond to the highest OLED efficiency. This result indicates
that at least one further physical property beside the roughness of the BH1:BE1 EML
and/or BH1 HBL layer must exist which has impact on the performance of the OLED.
This property is influenced by the deposition chamber pressure. It is conceivable that the
packing density or the orientation of molecules in the organic film is altered, for example.
This could change the electro-optical properties of the EML/HBL without necessarily
altering the roughness.
Because the range for TC which was investigated in the previous experiment was rather
limited from 10◦C to 50◦C and in addition to that, P = 1.3 mbar was identified to be
the most suitable pressure, another glass substrate was coated with 30 nm of BH1:BE1.
This time, an extended temperature range for TC from -20◦C to +80◦C was chosen while
P was 1.3 mbar for all segments. Figure 9.3 shows the resulting rms roughness versus
the coolant temperature for the first experiment with limited range for TC (S1, green)
as well as for the extended temperature range (S2, blue).
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Figure 9.3: rms roughness of 30 nm organic single layers of BH1:BE1 versus coolant temperature.
Around 30◦C appears to be a critical temperature for TC for both samples. A dramatic
increase of the roughness can be observed when this value is exceeded. For sample S1,
Rrms equals 3.8 nm at 30◦C and jumps to 57.8 nm at 50◦C. Sample S2 shows a similar
trend. Nevertheless, the roughness of S2 at 30◦C is 13.9 nm and thus considerably higher
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than for sample S1. At 50◦C, a strong increase of the roughness of sample S2 to 50.5 nm
is visible. This trend continues at 60◦C (74.5 nm) to 82.7 nm at 80◦C. From -20◦C to
-10◦C, the roughness for S2 shows almost no change. Between -10◦C and +10◦C, Rrms
increases from 2.1 nm to 12.8 nm followed by another plateau from 10◦C to 30◦C.
Though the trend is comparable for samples S1 and S2, the absolute roughness, especially
in the range between 10◦C and 30◦C differs significantly. Due to this difference, a close
look at the glass substrates was taken and it was found that the substrates exhibited
a minimal bowing. This minor disparity is conditional of substrate manufacturing and
cannot be avoided. Especially on glass substrates which are coated with ITO, this bowing
is even a bit more distinct. This fact may look unproblematic at the first glance, but it has
to be noted that the temperature of the substrate in the OVPD system is controlled by the
coolant temperature TC in the copper substrate holder. The heated (typical temperatures
range from 300 to 400◦C) showerhead is in close proximity to the substrate (see Chapter
5.2) and radiatively heats up the substrate surface. A bowing of the substrate leads to an
imperfect (thermal) contact between substrate backside and holder which seriously affects
the substrate temperature. Therefore, two substrates with slightly different bowing will
not have the same temperature in the system. This explains why samples S1 and S2
show the same trend for the roughness of the organic films, but the absolute values
differ noticeably. In addition to that, this theory can explain the observed limited RtR
reproducibility of OLED, which was described in Chapter 7.5 despite of the excellent
RtR and DtD stability of the OVPD process for organic single layers. Furthermore, this
phenomenon is the reason why the coolant temperature TC instead of the substrate
temperature is always given within this work. On one hand, the substrate temperature
cannot be measured, while TC is monitored throughout the whole OVPD process. On the
other hand, the substrate temperature not only shows a constant offset to the coolant
temperature, but also varies to some extent from substrate to substrate. A concept to
cope with imperfect substrates and to improve this situation will be given in Chapter 12.
To return to the film roughness, Figure 9.4 shows the AFM images of the BH1:BE1
layers of sample S2. From -10◦C to 30◦C of TC , an increasing size of the film features
can be observed, which is supported by the measured Rrms values. Nevertheless, up to
30◦C, coalesced organic layers are visible, which changes from 50◦C onwards. It appears
as if no uniform layers are deposited, but as if islands of organic material form and the
underlying substrate becomes visible. This explains Rrms values of 50 nm and above,
which are higher than the nominal total thickness of the organic films (30 nm).
In summary, both TC and P during the deposition of the BH1:BE1 EML and the BH1
HBL influence the current efficiency of the OLED. A correlation between TC , roughness
and current could be shown such, that a lower TC leads to lower rms roughness and
higher current. For the parameter P , no clear influence on the resulting roughness of
the organic films was observed. Nevertheless, P has an impact on the power efficiencies
of the devices which means that another physical property beside the rms roughness of
the emission layer can be influenced with P . As mentioned before, maybe the packing
density of molecules is altered or the orientation of molecules in the organic film. This
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Figure 9.4: 10·10 μm2 AFM images of 30 nm BH1:BE1 (6%) on uncoated glass substrates at different
coolant temperatures.
would lead to different transport properties without necessarily changing the roughness
of the film. The most important result is the explanation of the limited reproducibility
for OLED as well as for the absolute roughness of the organic layers. Since the reason
for this limitation is a production-related bowing of the substrates, a modification of the
substrate cooling concept may be the only way for improvement. A possible solution will
be discussed in Chapter 12 within this work.
The best device performance in terms of current and power efficiency as well as the EL
spectrum of the OLED is shown in Figure 9.5.
A current efficiency of 6-7 cd/A can be observed for current densities between 2 and
80 mA/cm2. At a luminance of 1000 cd/m2, a power efficiency of 3.3 lm/W was
achieved. These values are comparable to those observed from the blue OLED with
identical device structure developed by VTE in the previous Chapter. There, a current
efficiency of 7.2 cd/A and a power efficiency of 3.8 lm/W were measured. The EL
spectrum of the blue OLED has a peak at 466 nm and translates into CIE coordinates
of (0.16, 0.23).
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Figure 9.5: Current efficiency vs. current density and power efficiency vs. luminance (left) as well as
EL spectrum (right) of blue OLED produced by OVPD.
9.2 Influence of Coolant Temperature on Organic Single
Layers and Phosphorescent Red OLED
In this section, the influence of a modified TC on the performance of red OLED is
described briefly. OLED with both HIM1/α-NPD as well as α-NPD only as HIL/HTL
were deposited once at TC = 20◦C, once at TC = 50◦C. Table 9.3 shows an overview
of the phosphorescent red OLED which were fabricated.
Table 9.3: Phosphorescent red OLED R1 - R4 with corresponding HIL/HTL stack and coolant
temperature.
Sample R1 R2 R3 R4
HIL / HTL 20 nm HIM1 20 nm HIM1 40 nm α-NPD 40 nm α-NPD
20 nm α-NPD 20 nm α-NPD
TC (◦C) 20 50 20 50
The layer stack of the devices consists of HIL/HTL (40 nm), PH1:RE1 (40 nm), Alq3
(30 nm) with a doping concentration of 10 vol% RE1 in PH1. Samples R1 and R2
employed 20 nm HIM1 and 20 nm α-NPD on the anode side while 40 nm of α-NPD
were used for samples R3 and R4. The total thickness of the devices was kept constant.
It has to be noted that unlike for the blue OLED in the previous section, in this set of
experiments, TC was identical for the deposition of all organic layers in one device.
Figure 9.6 shows a section of the semi-logarithmic I-V curves (left) as well as the power
efficiencies of samples R1 - R4 versus the luminance.
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Figure 9.6: Section of semi-logarithmic I-V curves (left) and power efficiency versus luminance (right)
of red OLED R1 - R4.
Comparing samples R1 and R2 with HIM1, R1 (deposited at TC = 20◦C) shows a slightly
better ηpower performance than sample R2 (deposited at TC = 50◦C). At a luminance
of 1000 cd/m2, they show power efficiencies of 6.5 lm/W and 5.5 lm/W, respectively.
A much more pronounced difference can be observed when comparing samples R3 and
R4, which do not include HIM1 as HIL, but α-NPD. At a luminance of 1000 cd/m2,
sample R3 (TC = 20◦C) exhibits a power efficiency of 2.4 lm/W only, while the one of
R4 (TC = 50◦C) is 2.6 times higher, namely 6.3 lm/W. Regarding the I-V curves, no
difference can be observed for samples R1 and R2, but sample R4 exhibits a current which
is about 45% higher than the one of sample R3. Despite the fact that TC was altered for
all layers in one device and not for the HIL/HTL portion only, the observed effects can
be attributed to changes in the α-NPD layer. If any other layer was the cause, the effect
should have been observable for the devices with HIM1/α-NPD as well. Additionally, it
can be assumed that it is not the charge transport ability of α-NPD which is the main
reason for the difference of samples R3 and R4, but most probably the hole injection from
ITO into α-NPD. The hole injection into α-NPD appears to be better if the material is
deposited at higher TC , maybe due to a more intimate contact to the ITO. The higher
substrate temperature may lead to an increased surface mobility of the organic molecules
during the deposition or to a different orientation of the molecules in the organic layer.
This assumption is partially supported by AFM measurements of 40 nm thick single layers
of HIM1 and α-NPD which were deposited on plain glass substrates at the same process
conditions as in the device. The AFM images from a scan area of 10 · 10 μm2 are shown
in Figure 9.7.
For the roughness of the uncoated glass substrates, the same reference value as in the
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Figure 9.7: AFM images with scan areas of 10 ·10 μm2 of HIM1 (left) and α-NPD (right) single layers
deposited at TC = 20◦C (top) and TC = 50◦C (bottom) on uncoated glass substrates.
previous section of Rrms = 0.7 nm applies. The rms roughness of the α-NPD layer
deposited at TC = 50◦C is Rrms = 1.0 nm and only slightly smaller than the one of
α-NPD at TC = 20◦C (Rrms = 1.2 nm). In spite of this, the AFM images of the
two samples look different. The organic layer deposited at 20◦C shows smaller, closer-
packed features than the layer deposited at 50◦C which appears coarser. This different
morphology of the organic layers may result in different conductivities and/or injection
from ITO and thus, lead to the observed effect in terms of power efficiency and I-V
characteristics. The AFM measurements of the HIM1 layers do not exhibit the same
behavior. They show identical roughnesses of Rrms = 1.0 nm and the AFM images
look rather similar, independently from the substrate temperature. In conclusion, the
significant effect of the coolant temperature TC on the performance of OLED as well
as on the morphology of organic single layers which was found in the previous section
has proven true again. For the specific stack which was investigated in this section, the
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deposition of α-NPD at TC = 50◦C allows the omittance of an additional HIM1 HIL,
leading to a simplified device stack. In terms of production, a device stack with less
organic layers means shorter cycle times, saving of organic sources and consequently,
reduction of costs.
The current and power efficiency as well as the EL spectrum of the OLED with α-NPD
deposited at TC = 50◦C is shown in Figure 9.8.
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Figure 9.8: Current efficiency vs. current density and power efficiency vs. luminance (left) as well as
EL spectrum (right) of red OLED produced by OVPD.
A peak current efficiency of 15 cd/A which drops to approximately 11 cd/A at a current
density of 40 mA/cm2 can be seen. At a luminance of 1000 cd/m2, a power efficiency
of 6.8 lm/W was measured. The EL spectrum of the red OLED has a peak at 600 nm
with a shoulder at 640 nm and leads to CIE coordinates of (0.63, 0.37).
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9.3 Phosphorescent Green OLED with Twofold Emission
Layer
This section deals with OLED which employ the phosphorescent green emitter Ir(ppy)3
(see Chapter 7). A stack which was previously developed on the OVPD system using the
host material PH1 served as a starting point. The reference stack as well as the resulting
current and power efficiencies are plotted in Figure 9.9.
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Figure 9.9: Structure of the monochrome green reference OLED with the phosphorescent emitter
Ir(ppy)3 and the host material PH1 (left) and the resulting current and power efficiency
(right).
A combination of 20 nm HIM1 and 20 nm of α-NPD was selected as HIL/HTL followed
by 40 nm of PH1:Ir(ppy)3 with a doping concentration of 15 vol%. 30 nm of Alq3 served
as ETL and LiF/Al was used to form the cathode contact. At a luminance of 1000 cd/m2,
ηcurrent = 23 cd/A and ηpower = 19 lm/W were measured for this reference device.
These results are not satisfactory in comparison to results from literature for phospho-
rescent green OLED (see Chapter 4.3), despite the fact that no state of the art values
for green OVPD-manufactured OLED are available. In the following, the performance of
the green emitting devices is in the focus of development.
According to the supplier of the host material PH1, it mainly conducts electrons and
is a poor conductor for holes. Therefore, hole transport is done via the emitter, which
means that either the doping concentration of Ir(ppy)3 has to be high for sufficient hole
transport or the recombination zone is mainly located at the interface from α-NPD to
the PH1:Ir(ppy)3 EML. Both options lead to a limited efficiency because a high dopant
concentration as well as a narrow recombination zone result in an increase of triplet-
triplet annihilation (see Chapter 4.2). In addition to this, α-NPD is capable of quenching
Ir(ppy)3 phosphorescence as described in [34]. This is due to the lower triplet bandgap
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of α-NPD (2.3 eV) compared to 2.4 eV of Ir(ppy)3 according to [76]. The triplet state of
PH1 is not known, but supposedly in the same range as the one of CBP, which is 2.4 eV
as well [76].
To improve this situation, a twofold EML consisting of CBP:Ir(ppy)3 on the anode side
and of PH1:Ir(ppy)3 on the cathode side was introduced. Supposedly, CBP is a better
hole conductor than PH1, therefore a lower minimum doping concentration should be
necessary to transport holes to the center of the EML and to achieve a broader recom-
bination zone. With the help of the software Minitab [77], a DoE was conducted to
optimize the film thicknesses of both EML portions as well as the doping concentrations
of Ir(ppy)3.
For the factorial DoE, ηcurrent and ηpower were selected as response variables. The four
experimental factors were the doping concentrations of Ir(ppy)3 in CBP (Dop. CBP) and
PH1 (Dop. Host-1) as well as the thicknesses of CBP and PH1. Please note that PH1
is also denominated as Host-1 in the resulting DoE graphics. To limit the number of
experiments, a fractional factorial design was created with 2(k−p) runs. k represents the
number of experimental factors (here: k = 4), 1/2p is the fraction. p was chosen as 1,
leaving a total of 2(4−1) = 8 experiments. Each experiment was repeated once, to reduce
the influence of the limited reproducibility of the current OVPD system setup coating
non-planar glass substrates, which was described in Chapter 7. In addition to these 16
runs, five center point experiments were conducted to verify the assumption of linearity,
adding up to 21 runs all together. The low values for both thicknesses were 10 nm, the
high values 20 nm. The range for the doping concentration was chosen as 7%-15%. An
overview of the experiments together with the measured response variables ηcurrent and
ηpower is given in Table 9.4.
The order of the runs was randomized to reduce the probability of systematic drifting.
From the measurement results in Table 9.4, a strong influence of the selected experimen-
tal factors on the efficiencies can be seen. ηcurrent ranges from 31.6 cd/A to 52.2 cd/A,
ηpower from 27.8 lm/W to 36.8 cd/A and thus, the efficiencies of all 21 OLED with
twofold EML are higher than the reference with PH1:Ir(ppy)3 only. In the following, the
influence of the four experimental factors will be discussed separately for ηcurrent and
ηpower.
9.3.1 DoE: Influence of the Experimental Factors on the Current
Efficiency
First, the significance of the process parameters and their combinations will be inves-
tigated. A basic assumption in statistics is, that all experimental factors are of no
significance. After the experiments of the DoE were conducted, a percentaged value PS
will be calculated which reveals the probability that the assumption of non-significance
is correct. It is up to the experimenter to define a significance level, above which the
probability of non-significance is sufficient to neglect the influence of the corresponding
experimental factor. The Pareto chart in Figure 9.10 visualizes the significance of the
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Table 9.4: Overview of conducted experiments for the fractional factorial DoE on green OLED with
twofold EML.
Run # Dop. CBP Dop. PH1 Thick. CBP Thick. PH1 ηcurrent ηpower
(vol%) (vol%) (nm) (nm) (cd/A) (lm/W)
1 11 11 15 15 42.7 35.0
2 7 15 10 20 40.1 31.3
3 15 7 20 10 39.3 30.7
4 11 11 15 15 42.7 33.8
5 7 7 20 20 52.2 36.8
6 15 15 20 20 46.4 36.2
7 7 15 20 10 38.9 27.4
8 15 7 20 10 41.3 34.4
9 15 7 10 20 40.9 34.0
10 15 15 20 20 40.5 31.7
11 15 15 10 10 31.6 27.8
12 11 11 15 15 41.5 33.6
13 7 15 10 20 40.6 32.4
14 7 7 20 20 49.4 35.7
15 7 7 10 10 38.9 33.5
16 7 15 20 10 37.9 26.8
17 15 15 10 10 35.2 30.8
18 11 11 15 15 40.0 32.6
19 7 7 10 10 36.2 30.5
20 15 7 10 20 38.3 30.1
21 11 11 15 15 42.0 34.0
experimental factors.
Here, a typical significance level of 5% (which equals a standardized effect greater than
2.16 in the Pareto chart) was assumed, which means that experimental factors will be
considered as not significant if the corresponding probability for this assumption is above
5%. It can be seen that both the thickness of CBP and the thickness of PH1 play a role
for the resulting current efficiency of OLED. On the other hand, all interactions which
were considered in the fractional factorial DoE have a probability of non-significance
which is bigger than 5% and can be neglected.
It becomes obvious that the factors thickness PH1 and thickness CBP have the strongest
influence on the current efficiency. In addition to this, both doping concentrations are of
significance as well, but less important than the thicknesses of the layers.
Before more statistical analyses are carried out, the gathered data were checked for nor-
mality assumptions. All the points in the normal probability plot of the residuals come
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Figure 9.10: Pareto chart of standardized effects for the response variable current efficiency. Al-
pha = 0,5 means a significance level of 5% was assumed.
close to form a straight line, which implies that the data are fairly normal. In the ideal
case, all data points would exactly form a line but nevertheless, the normality is more
than sufficient here. In addition to this, no trend of residuals versus the run order can be
observed, which means that no drift of system parameters took place during the experi-
ments, for example.
With the normality checked, the next step is to compute the main and interaction effects
of experimental factors. The main effect of an experimental factor is the difference in
average response observed due to a change in the level of the factor. The main effects
plot for the experiment is shown in Figure 9.11.
The use of the main effects plot is to determine which experimental factors influence the
response variable (here: ηcurrent) and to compare the relative strength of the effects.
The mean response at each factor level is calculated and connected by a straight line. A
reference line is drawn at the overall mean observations. If the slope of the line connecting
the average responses for a factor is parallel to the x-axis, it implies that there is no main
effect present. From Figure 9.11, it can be seen that for both the EML layer thicknesses,
an increase from 10 to 20 nm leads to an improved current efficiency. On the other hand,
increasing the doping concentrations in CBP and PH1 results in a decrease of ηcurrent
in both cases. From the slope of the curves, one can see a change of the layer thickness
for PH1 or CBP has a bigger impact on the current efficiency than changing the doping
concentrations. Furthermore, the slopes of both the thickness curves are comparable as
well as both the slopes of the doping concentrations. These results are in agreement
with the Pareto chart in Figure 9.10 that the factors thickness CBP and thickness PH1
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Figure 9.11: Main effects plot for the current efficiency as response parameter.
play the key role for the current efficiency and that the doping concentrations are less
important, but yet still of significance. Physical interpretations of the observed effects
will follow in Section 9.3.3.
In addition to the results from the low and high setting for the four experimental factors,
the results of the center point runs are shown as rectangular points in the graphs as well.
The location of these points relative to the connecting line between the low and high
points gives information on the validity of the linear assumption. If the full range of the
experimental factors was considered, a linear assumption would make no sense in regards
to physical aspects. But a linear model may be sufficient to describe the observed effects
within the limited range which is considered here for the experimental factors. In the
ideal case, these points should be located on the connecting line, any divergence reflects
a non-linearity of the real relation between experimental factor and response variable.
It shows that all four center points are not located on the straight lines, therefore the
question is if the linear model is sufficient or must be discarded. Analog to the signifi-
cance values for the experimental factors above, a PS is also calculated for the curvature
to simplify the assessment. The basic assumption is that no curvature is present and
PS reflects the probability that this assumption is correct. Only if PS is below 5%, the
presupposition of linearity has to be discarded. In this case, PS was calculated to 19.7%,
which is well above the 5% threshold and thus, the linear model is sufficient despite the
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fact that the center points are not exactly located on the straight lines.
As a result of the factorial DoE, a transfer function for the current efficiency was com-
puted by Minitab. The coefficients are listed in Table 9.5.
Table 9.5: Calculated coefficients for the transfer function of the current efficiency.
Term Coefficient
Constant 31.71
Dop. CBP -0.41
Dop. PH1 -1.01
Thick. CBP 0.54
Thick. PH1 1.06
Dop. CBP*Dop. PH1 0.06
Dop. CBP*Thick. CBP 0.003
Dop. CBP*Thick. PH1 0.04
In addition to the transfer function, Minitab computes a percentaged value called R-
Sq(adj), which reflects the portion of the observed effects which can be explained by the
originally assumed model of the DoE. In other words, considering only the four experimen-
tal factors, which were selected to explain the current efficiency of the OLED, and their
interactions leads to a model which describes a certain portion of the observed response
changes. In this case, R-Sq(adj)=78.9%, which is a good value. Usually in statistics, a
result of 70-80% is considered as sufficient for a model. 21.1% of the observed response
effects are not explained by the model of four crucial experimental factors. This could be
optical micro cavity effects (see Section 4.2) resulting from different total thicknesses of
the organic layers for the devices or effects from variations of the substrate temperature
due to bowed substrates (see Sections 9.1 and 9.2), for example.
9.3.2 DoE: Influence of the Experimental Factors on the Power
Efficiency
In the previous section, the results of the factorial DoE in terms of current efficiency
were discussed. This section now deals with the impact on the power efficiency. Via the
voltage, these two efficiencies are coupled, of course. Nevertheless, the influence of the
experimental factors does not have to be exactly identical. A higher ηcurrent which was
achieved at the expense of an increased voltage may not be optimal in regard to ηpower,
for example. After the detailed description in the previous section, this part will be kept
briefer.
Figure 9.12 shows the importance of the experimental factors and their interactions in a
Pareto chart. In this graph, the first difference to the current efficiency becomes obvious
already. While for ηcurrent, all four experimental factors showed to be significant with
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Figure 9.12: Pareto chart of standardized effects for the response variable power efficiency. Alpha = 0,5
means a significance level of 5% was assumed.
both the layer thicknesses being of higher importance than the doping concentrations,
only two factors seem to be relevant for ηpower. The thickness as well as the Ir(ppy)3
concentration in CBP do not seem to play a role for the power efficiency, while the layer
thickness of PH1 as well as the doping concentration in this layer are the only significant
factors. The interaction of the latter two is only slightly below the significance threshold.
Surprisingly, the power efficiency is mainly determined by only one half of the twofold
EML. Especially the doping concentration of the CBP layer appears to be irrelevant since
it exhibits the lowest significance of all considered factors. The physical interpretations
will follow in Section 9.3.3.
The main effects plot (not shown) confirms the information from the Pareto chart on
the significance of the experimental factors. The center points are not as close to the
straight lines as for the current efficiency, which shows in the PS value for the curvature
as well. The probability that the assumption of no present curvature is correct equals
5.5% only and therefore is very close to the 5% significance threshold which was chosen
for this DoE. For comparison, PS was 19.7% for ηcurrent as response variable. Figure 9.13
exhibits that interactions between the experimental factors become much more relevant
for the power efficiency compared to the current efficiency.
No straight lines are completely parallel in this diagram, even worse, some of the straight
lines cross. This means that the impact of one experimental factor is reversed if the
other experimental factor is changed from the low to the high value. For example, in the
top left plot of Figure 9.13 it can be seen that for a low doping concentration (7%) of
PH1, a low doping concentration in CBP leads to a better power efficiency than a high
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Figure 9.13: Interaction plot for the power efficiency as response parameter.
one. Contrary to this, at a high Ir(ppy)3 concentration (15%) in PH1, a high doping
concentration in CBP is more favorable than a low one. This interaction appeared in the
Pareto chart where it is denominated as AB and came close to the significance threshold
value.
While R-Sq(adj) exhibited a good value of 78.9% for ηcurrent, it equals 50.9% for ηpower
only. In other words, only about half of the observed effects can be explained by the
selected experimental factors in combination with a linear model. As a matter of fact,
the linear approximation becomes questionable for ηpower even for the rather small range
of the experimental factors which was considered here. Due to the dependence of the
electrical power on U2/R, the power efficiency is rather quadratic by nature. For further
investigations, it may prove useful to expand the design to include effects of a higher
order.
9.3.3 Physical Interpretation of the DoE Results for Phosphorescent
Green OLED
Figure 9.14 shows a comparison of the current (left) and the power (right) efficiency
versus the current density of OLED with a conventional as well as a twofold EML.
At a current density of 2.2 mA/cm2 (vertical dashed line), which equals a luminance
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Figure 9.14: Current (left) and power (right) efficiency of green OLED with conventional and twofold
EML.
of about 1100 cd/m2 for the OLED with twofold EML, the current efficiency could be
improved from 24.5 cd/A to 50 cd/A while ηpower increased from 19 to 34 lm/W. The
efficiency curves for the twofold EML OLED are taken from the device with 20 nm/20 nm
CBP/PH1 EML and doping concentrations of 7% Ir(ppy)3 in both host materials, which
showed the best performance among the devices with twofold EML. The improvement
of the efficiencies shows that the concept of shifting the recombination area towards the
center of the EML with the help of a twofold EML was successful.Figure 9.15 shows the
comparison of the I-V curves of the reference OLED with single EML and the improved
OLED with twofold EML.
0 2 4 6 8
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
10
2
0.58 mA
6.0 mA
5
V
Reference
Twofold EML
C
u
rr
e
n
t
(m
A
)
Voltage (V)
Figure 9.15: I-V curves of green OLED with conventional and twofold EML.
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A noticeable difference in I-V behavior can be observed. The reference device exhibits
a steeper increase of the current starting at about 2 V. If the currents at 5 V are com-
pared for example, the newly developed device draws a current of 0.58 mA which is
about 10 times lower than the 6.0 mA of the reference devices. Due to the facts that
the thicknesses of the HIL, HTL and ETL are identical as well as the total thicknesses
of the devices, this leads to the conclusion that the voltage drop over CBP:Ir(ppy)3 is
probably higher than over the PH1:Ir(ppy)3 layer. Nevertheless, the reference device has
a doping concentration of 15%, while both portions of the twofold EML have an Ir(ppy)3
concentration of 7% only. Therefore, it is conceivable that the higher voltage drop may
also be caused by the reduced doping in the PH1 layer. To resolve this open question,
the I-V characteristics of two other devices from the DoE were compared. The device
structure as well as the I-V plot are shown in Figure 9.16.
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Figure 9.16: Comparison of I-V characteristics of two devices with different PH1:CBP thickness ratios
(right) and the corresponding device structure (left).
The difference in both devices is the thickness ratio of the PH1 to the CBP layer in
the twofold EML. Doping concentrations are equal for both devices. It shows that the
OLED with 10 nm CBP EML and 20 nm PH1 EML draws a current at 5 V which is
approximately two times as high as in the device with 20 nm CBP and 10 nm PH1. This
finding supports the assumption that a higher voltage drop occurs over the CBP than
the PH1 EML. In spite of this, the increased voltage drop over CBP can only be partially
accountable for the factor ten ratio in the currents observed before. Conclusively, the
reduced doping concentration in the PH1 portion of the twofold EML is the cause for
the remaining difference in the I-V characteristics. Nevertheless, the gain in the current
efficiency by the twofold EML overcompensates the higher voltage required to drive the
same current, leading to the significantly higher power efficiency.
In Figure 9.17, the EL spectra of the green OLED with conventional and twofold EML
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Figure 9.17: Comparison of EL spectra of green OLED with conventional and twofold EML.
are compared.
Clear differences can be observed. The reference OLED shows a wider spectrum with a
broad maximum between 520 and 550 nm. The twofold EML device exhibits a narrower
spectrum peaking at 511 nm with a shoulder on the higher wavelength side. Due to the
fact that the emissive material is Ir(ppy)3 for both devices, the difference in the spectra
is most likely caused by micro cavity effects (see Chapter 4.2). As explained before, the
recombination zone in the reference device is likely to be located at the interface from
α-NPD to the PH1:Ir(ppy)3 layer. For the device with the twofold EML, the emissive
region probably shifts to the CBP:Ir(ppy)3 / PH1:Ir(ppy)3 interface due to the better
hole-mobility (h-mobility) in CBP and the good e-mobility in PH1. This results in a
difference in the distance of the recombination zone to the Al cathode, which is approx-
imately 70 nm (40 nm PH1:Ir(ppy)3 + 30 nm Alq3) for the reference device and 50 nm
(20 nm PH1:Ir(ppy)3 + 30 nm Alq3) for the twofold EML device.
To investigate to what extent the difference in device performance of the reference and
the twofold OLED can be attributed to micro cavity effects, optical simulations were
conducted. For this purpose, the Philips proprietary software Lightex was employed. A
model of the OLED was created in which the thickness of the CBP:Ir(ppy)3 layer was
varied between 0 and 50 nm as well as the thickness of the PH1:Ir(ppy)3 between 0 and
40 nm. The recombination zone was pinned at the interface of both portions of the
EML. In Figure 9.18, the photometric efficiency in arbitrary units perpendicular to the
substrate surface is plotted versus both the layer thicknesses.
The black square shows the position representing the device with twofold EML (20 nm
CBP:Ir(ppy)3, 20 nm PH1:Ir(ppy)3), the black circle the reference device (40 nm
PH1:Ir(ppy)3). It can be seen that the location of the recombination area is more favor-
able in the reference device in terms of optical effects. As a matter of fact, the efficiency
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Figure 9.18: Simulation of the photometric efficiency perpendicular to the substrate surface. Param-
eters are the thicknesses of both portions of the twofold EML.
of the twofold EML OLED suffers from a 12% loss (calculated from the raw output
data of the simulation) by optical effects compared to the reference device. In regard
to micro cavity effects, a larger distance of the emissive region to the metal cathode is
more favorable for this device type. Due to this, it is conceivable that an increase of
the PH1:Ir(ppy)3 portion of the twofold EML OLED leads to even better efficiencies due
to a gain by optical effects. From the isolines in Figure 9.18, it can be seen that the
distance of the recombination zone to the metal cathode is by far more important than
the distance to the ITO/glass substrate. The isolines are mostly parallel to the vertical
axis which represents the distance to the anode. On the other hand, a steep increase
of photometric efficiency parallel to the horizontal axis, representing the distance to the
cathode, is observable.
If the driving voltage is increased by the introduction of CBP and optical micro cavity
effects are less favorable in the twofold EML device, there must be another explanation
for the increase in device performance. As described in the beginning, the twofold EML
concept was introduced to reduce triplet-triplet quenching due to a spaciously narrow
recombination zone at the α-NPD/PH1:Ir(ppy)3 interface. In addition to this, α-NPD
is supposed to be capable of quenching triplets formed in the EML. Due to this, triplet
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exciton quenching by α-NPD is likely to be accountable for the poorer performance of
the reference device. In the twofold EML device, the CBP layer acts as a spacer between
the center of the recombination area and the α-NPD HTL.
9.4 Summary
This chapter dealt with monochrome OLED produced by OVPD. In the first section,
the influence of the process parameters coolant temperature and deposition chamber
pressure during the deposition of the EML and HBL on the resulting current and power
efficiency was investigated. Furthermore, the influence of these process parameters on
the morphology of organic single layers of BH1:BE1 was evaluated. It was found that
both TC and P have an impact on the efficiency of the OLED as well as on the mor-
phology of single layers. For example, OLED which were deposited with TC = 30◦C
and P = 0.9 mbar showed a current efficiency of 4.3 cd/A at a current density of
40 mA/cm2. If the same device structure is used and the BH1:BE1 layer is deposited at
TC = 10◦C and P = 1.3 mbar, an efficiency of 6.8 cd/A was measured. AFM measure-
ments were conducted on organic single layers of BH1:BE1 and a correlation between
TC and the rms roughness was found such, that decreasing TC lead to smoother layers
for this specific material. A correlation between P and the roughness of single layers was
not found. Conclusively, P affects another physical property of the emission layer which
again influences the device performance. Maybe P impacts transport properties without
changing the roughness of the single layer, such as the orientation of the molecules in
the organic film.
The impact of TC on the performance of phosphorescent red OLED as well as on the
morphology of single layers of HIM1 and α-NPD was investigated. A strong influence
of this process parameter on the device performance was found. OLED with α-NPD
HIL/HTL which were deposited at TC = 50◦C showed a power efficiency being 160%
higher than for OLED deposited at TC = 20◦C. The devices exhibited power efficiencies
of 6.3 lm/W and 2.4 lm/W, respectively, at a luminance of 1000 cd/m2. OLED with
HIM1/α-NPD as HIL/HTL did not show that pronounced effect. AFM measurements
revealed an influence of TC on the morphology of α-NPD layers. Within the investigated
range of TC , no effect on the morphology of HIM1 layers was found. In conclusion, the
selection of TC = 50◦C for α-NPD as HIL/HTL allows the omittance of an additional
HIL, which leads to a simplified device stack.
The third section of this chapter described the efficiency improvement of green OLED
by the introduction of a twofold EML. The reason for the modification of the EML was
that the host material PH1 is supposed to be a good electron but a poor hole conductor.
Therefore, holes are transported by the dopant molecules, which requires a high doping
concentration of Ir(ppy)3. Otherwise, the recombination zone is mainly located at the
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interface from α-NPD to the PH1:Ir(ppy)3 EML. Both options lead to a limited efficiency
because a high dopant concentration as well as a narrow recombination zone result in an
increase of triplet-triplet annihilation (see Chapter 4.2). Furthermore, α-NPD is capable
of quenching Ir(ppy)3 phosphorescence.
To determine the optimal layer thicknesses for the two different host materials CBP and
PH1 as well as the best Ir(ppy)3 concentrations in these layers, a fractional factorial DoE
was conducted. ηcurrent and ηpower were selected as response variables. The impact of
the four experimental factors on both the responses were described separately.
For the current efficiency, it was found that both the layer thicknesses played the most
crucial role in such a way, that selecting the high values for both layers (20 nm) led to
the best efficiencies. The two doping concentrations proved to be of significance as well.
Here, the low values (7% doping concentration) delivered the best results in terms of
current efficiency. On one hand, these results show that the borders for the experimental
factors of the DoE were too limited and should be expanded for future investigations.
On the other hand, it proves that the assumption that a lower dopant concentration is
sufficient in the twofold EML design is true and additionally, favorable in regard to the
reduction of triplet-triplet annihilation.
Two of the four experimental factors, namely the thickness and the doping concentration
in CBP, showed to be insignificant for ηpower as response. At least one interaction came
close to be significant in the Pareto chart. An extended DoE with quadratic effects may
prove useful. Nevertheless, the results show that for the power efficiency, the thickness
as well as dopant concentration of the PH1:Ir(ppy)3 layer play the most crucial roles.
This is not only explained by electrical aspects, but also by optical micro cavity effects.
Optical simulations showed that the distance between the emissive region and the metal
cathode has impact on the efficiency of the OLED.
Since the DoE showed that the best performance is achieved if the lowest values for
doping concentration and layer thickness are selected, a new DoE with lower minimum
values may lead to even better efficiencies. In addition to this, the identification of the
PH1:Ir(ppy)3 layer as most significant parameter for the power efficiency allows improved
concepts for the design of this portion of the EML such as mixing of two host materials.
Also, it would be interesting to use a graded layer of CBP and PH1 as host for the
phosphorescent emitter. Starting from a pure CBP layer on the anode side and then
increasing the PH1 content until a pure PH1 layer is present may be useful to spread the
recombination zone even further.
In summary, the twofold EML concept proved as useful to enhance the performance of
green OLED. The analysis of the DoE results showed that the lower borders of the exper-
imental factors should be reduced further in a future DoE. In addition to this, effects of
higher order play a crucial role if the power efficiency is considered and even in a relatively
small range of the experimental factors, approximation with a linear model is question-
able. If the focus is set to the optimization of the power efficiency, the PH1:Ir(ppy)3
layer should be investigated thoroughly.
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10 Development of White OLED with
OVPD
In Chapter 9, red, green and blue monochrome OLED were developed using OVPD. In
this chapter, a white emitting hybrid OLED stack combining the fluorescent blue emitter
BE1 and the phosphorescent emitters RE1 and Ir(ppy)3 will be investigated. A layer
sequence which was previously developed on a VTE system by the supplier of the organic
materials served as a starting point and reference. At first, the reference layer stack
(thicknesses, dopant concentrations) was transferred without any intended changes to
the OVPD system. The results will be discussed in detail in this chapter.
10.1 1:1 Transfer of a White Emitting Stack from VTE
to OVPD
In this section, the question if a stack developed on a VTE system is transferrable to
OVPD without major adjustments to layer thicknesses or doping concentrations is inves-
tigated. In the first section of Chapter 9, a monochrome blue stack was introduced to
the OVPD system and it showed, that no adjustments in terms of layer thickness were
necessary. The white stack in this chapter is more challenging, since it employs three
emissive materials and in addition to this, is a hybrid one, which means that fluorescent
and phosphorescent emitters are combined. The structure of the VTE reference sample
is shown in Figure 10.1.
The stack consists of 20 nm HIM1/20 nm α-NPD as HIL/HTL, followed by the fluores-
cent layer of 15 nm of BH1:BE1 with a doping concentration of 5%. Subsequently to the
blue EML, the phosphorescent green layer (10 nm PH1:Ir(ppy)3, 15%) as well as the red
layer (15 nm PH1:RE1, 10%) were deposited. 20 nm of Alq3 served as ETL and LiF/Al
as cathode. The coolant temperature TC was 20◦C for all layers, while the deposition
chamber pressure P was 0.9 mbar for the HIM1, α-NPD and Alq3 layers. P was set to
0.6 mbar for the phosphorescent and to 1.3 mbar for the fluorescent EML since these
values had shown best results in previous experiments which are not described in this
work. The performance of the device produced by VTE is compared to that of the one
produced by OVPD in Figure 10.2.
I-V-L as well as EL measurements were conducted. The resulting semi-logarithmic I-V
curves are shown in the top left corner of Figure 10.2, the EL spectra are compared on the
top right. On the bottom of the figure, the current efficiencies are compared on the left,
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15 nm PH1:RE1 (10%)
20 nm Alq3
LiF / Al
20 nm HIM1
20 nm -NPD
15 nm BH1:BE1 (5%)
10 nm PH1:Ir(ppy) (15%)3
ITO
Figure 10.1: Structure of the white reference OLED with the fluorescent emitter BE1 and the phos-
phorescent emitters RE1 and Ir(ppy)3.
the power efficiencies on the right. It shows that the VTE and OVPD sample, in spite
of the fact that they have identical layer stacks, behave completely different. Looking at
the I-V curves, it can be seen that the VTE sample draws a higher current compared to
the OVPD sample up to a voltage of about 4.3 V, above which this effect is reversed.
At 6 V, the current in the OVPD device is about twice as high as in the one produced by
VTE. A steeper I-V curve is not necessarily negative, electrical doping (see Chapter 11)
is employed to deliberately achieve steeper I-V curves, for example. Nevertheless, a look
at the current efficiency in the bottom left of Figure 10.2 reveals a tremendously lower
ηcurrent for the OVPD sample. In other words, less light is generated per current unit.
The poor current efficiency is also reflected in the very low power efficiency of the device.
Looking at the EL spectra in Figure 10.2, it can be seen that the emission wavelengths
differ significantly as well. The red portion in the spectrum is much lower for the OVPD
than for the VTE sample, which indicates either a shift of the recombination towards
the blue emitting EML or a less efficient emission of the red emitter. The shift of the
chromaticity towards the blue regime definitely accounts partially for the reduction of
the efficiency, since the phosphorescent red and green emitters exhibit better quantum
efficiencies than the fluorescent blue one (see Chapter 4.2). Nevertheless, the current
efficiency of the OVPD device is lower than each current efficiency of previously produced
monochrome red, green and blue devices, which means that another reason beside the
chromaticity must exist for the poor performance.
A couple of possible causes for this phenomenon were identified which are
1. Significantly unfavorable process parameters such as substrate temperature TC or
deposition chamber pressure P which lead to a poor quality of the organic layers.
2. Decomposition of organic source materials and resulting contaminations in the
organic layers of the OLED.
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Figure 10.2: Comparison of results for hybrid white OLED produced by VTE (green) and OVPD (blue).
3. Contamination of the organic layers due to a ’cold spot’ in the system at which
organic materials condensate and are slowly released over a long time period of
time.
4. Significantly different injection, conduction or emission properties of OVPD layers
requiring an adaption of the stack design.
The first reason appears rather unlikely due to the fact that monochrome devices with
good performance could be produced before and identical process parameters were em-
ployed for the white OLED. The second point could be excluded by manufacturing
monochrome OLED again after the white emitting device which exhibited the same
performance as they did before. Therefore, a decomposition of the organic source mate-
rials is unlikely, too. At first glance, the reproduction of the monochrome performance
should exclude cause three as well, still a contamination may exist in the organic layers
which has no significant impact on monochrome devices. Cause four cannot be excluded
for sure, but requires a complex stack development process. Beforehand, a potential
contamination of the organic layers which would render the stack development results
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useless has to be investigated.
To verify if a cold spot is present in the system, one segment of a Si-wafer was coated
with a thick (1 μm) layer of α-NPD (see Chapter 6). A possible cold spot should be fully
saturated with organic material afterwards. After the deposition, a purge flow was led
through the system on a fresh segment of the Si wafer for several hours. By this method,
cold spots can usually be detected, because the re-evaporating material from the vicinity
of the cold spot will condensate on the Si and can be seen by the naked eye. Yet, no
condensation was detectable on the wafer after the experiment, so that massive contam-
ination due to a cold spot could be excluded as a possible origin of the phenomenon as
well. For clarification, it has to be mentioned that the method for detecting a cold spot
is not applicable for contaminations caused by very small amounts of material.
Due to this, another approach had to be found to detect minor contaminations with
organic materials. For this purpose, five segments on a Si wafer were coated in the
following order:
1. Segment: ca. 40 nm of PH1
2. Segment: ca. 10 nm of RE1
3. Segment: ca. 40 nm of PH1
4. Segment: ca. 40 nm of PH1:RE1
5. Segment: ca. 40 nm of PH1
The idea of this experiment is to deposit a first reference layer of PH1. Afterwards,
RE1 is introduced into the system for a long period of time. If a subsequent, minor
contamination of the system with RE1 was present, the PH1 layer on segment 3 should
contain a small amount of RE1 which could be easily detected by photoluminescence
(PL) measurements. An intentionally doped layer of PH1:RE1 was coated on segment
4 with a concentration of 10 wt% as it is used in OLED structures as well. Segment
five was deposited to check if a possible impurity of segment three after the introduction
of plain RE1 into the system can be reproduced after a material mix of PH1:RE1 was
employed.
PL spectra were measured of the five segments. A reference spectrum of RE1 in PH1
could be obtained from segment 4. The resulting PL spectra of the experiment are shown
in Figure 10.3.
The spectrum of segment one shows no PL which is normal for the employed host mate-
rial PH1. The same applies for the second segment containing RE1, which usually does
not exhibit PL in pure layers. The third segment which was coated with PH1 shows
PL emission in contrast to the first segment. The spectrum of this segment is lower in
intensity, but qualitatively comparable to the one of the intentionally doped PH1 layer on
segment four. This result implies that a contamination of subsequently deposited layers
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Figure 10.3: PL spectra of organic single layers on a Si wafer.
occurs if they are deposited immediately after introducing RE1 into the deposition cham-
ber, which of course is an undesired effect. The PL spectrum of segment five confirms
this result and shows that contamination also takes place if a mixture of PH1 and RE1
was deposited afore. The time-frame of the contamination of subsequently deposited
layers had to be investigated as well as if this effect only occurs for the organic material
RE1. Additional runs were conducted with RE1 as indicator for the contamination, but
after introducing the emitter into the deposition chamber, idle purge times of one, two
and three hours were introduced before the deposition of PH1. The PL measurements
of these experiments showed a decreasing intensity and indicate a contamination of sub-
sequently deposited PH1 for more than two hours. After three hours, almost no PL was
detectable anymore.
Furthermore, identical experiments were conducted with the blue emitter BE1 and the
green emitter Ir(ppy)3 and their respective host materials. The result of these runs was
that the phenomenon can be observed for all of these three materials. Since the evap-
oration temperatures of RE1, BE1 and Ir(ppy)3 in the OVPD system are 290◦C, 270◦C
and 240◦C, respectively, the effect is probably not directly related to a certain evapo-
ration temperature of the materials. In other words, materials with rather high as well
as low evaporation temperatures show the phenomenon of a delayed deposition. Due to
this, it is consequent to assume that all materials used within the white OLED stack will
lead to a contamination of subsequently deposited organic layers, though the effect is
only detectable by the deposition of an emissive material followed by its respective host.
The amount of material which is causing the contamination is unknown, but from the
experiment in regard to a possible cold spot in the system, it could be seen that even
after a long purge time, no deposition on a Si-wafer was detectable by the naked eye
with or without UV illumination. Usually, very thin layers of less than 5 nm can be seen,
which means that the amount of material for the delayed deposition must be rather small.
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The question is if this minor contamination can explain the difference between the VTE
and the OVPD white emitting device. Due to the results of the above investigations,
it has to be assumed that all organic films in the OVPD-processed stack are contami-
nated with a small amount of the previously deposited organic materials. The HOMO
and LUMO energies of the materials and the contamination of the following layers are
displayed schematically in Figure 10.4.
x / t
Energy
HOMO
LUMO
Contaminations
LUMO
Contaminations
HOMO
HIM1
-NPD
BH1 PH1 PH1 Alq3
Traps for h-transport
No impact on e-transport
Quenching of triplet emission
Figure 10.4: HOMO and LUMO levels of materials in the white OLED stack and illustration of the
contaminations.
The solid lines represent the HOMO levels, the dashed lines the LUMO levels and the
dotted lines the energy levels of the contaminations. The order of deposition is from the
left to the right. From this illustration, it can be seen that the HOMO and LUMO levels
of the materials are energetically lower from layer to layer. This means that previously
deposited materials act as traps for holes in the subsequently processed layers, but should
not have any significant influence on the electron transport. As described in Chapter 3,
traps in organic materials lead to a reduced effective mobility for charge carriers. Un-
der the assumption that the electron transport is more or less the same in the OVPD
device as in the VTE device, but hole mobility is drastically lower due to the trapping
effect of the contaminations, the difference in the chromaticity may be explained. If in a
charge-balanced OLED the conductivity of the HTL is reduced, the recombination zone
will shift towards the anode side. This is in accordance to the observed blue-shift in
the EL spectrum of the OVPD device, because among the three EML, the blue one is
nearest to the anode. The additional drop in efficiency, which can not solely be due to
the more blueish emission, could be due to contamination of the phosphorescent EML
by the previously deposited fluorescent emitter. Strong emission quenching may be the
cause of the rather poor performance.
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Additionally, the I-V curves of the VTE and OVPD devices can be compared more thor-
oughly than in Figure 10.3 as is illustrated in Figure 10.5.
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Figure 10.5: Logarithmic comparison of I-V curves of white emitting devices from VTE (green) and
OVPD (blue).
The slope of the transition from ohmic to SCLC transport is steeper for the OVPD sample
(A). This could be associated with energetically deeper traps according to the simulations
of Heil in Figure 3.2. Nevertheless, the fact that the OVPD I-V curve exhibits higher
currents in the SCLC regime appears to be a contradiction to this interpretation (B).
It has to be kept in mind that Heil’s simulations (see Chapter 3.1.2) were conducted in
regard to a single layer, unipolar device and the applicability to the case of a complex
OLED structure with two types of charge carriers may be limited.
A simplified layer stack was used to conduct simulations with a software developed at
the Institute of Electromagnetic Theory of the RWTH Aachen [78]. In this model, a
multilayer device with electron as well as hole transport was considered. Both, the stack
as well as the simulation results are shown in Figure 10.6. The model device consisted
of 20 nm HIM1, 20 nm α-NPD followed by 20 nm Alq3. Because of the fact that mainly
the properties of the transport layers are of interest here, the three EML were neglected
for the sake of simplified simulations. The current density was simulated in the SCLC
regime to investigate how traps would affect the current transport. On the right hand
side in Figure 10.6, it can be seen that the case of no contamination leads to the highest
current density. If an impurity of 0.1% HIM1 in α-NPD is assumed, the current transport
is reduced due to the reduced charge carrier mobility in the α-NPD layer. This effect is
more pronounced if a contamination of 1% HIM1 in α-NPD is assumed. An additional
impurity of 0.1% α-NPD in Alq3 does not impact the J-V curve at all, which goes along
with the assumption that the electron transport is not hindered by contaminations of
previously deposited material (see Figure 10.4). However, these simulations show that in
the case of contaminated devices, the SCLC current of the OVPD device should actually
exhibit lower currents than the one of the VTE sample, which obviously is not the case.
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Figure 10.6: Simplified layer stack (left) and simulated J-V results (right) for organic layers with and
without impurities.
Therefore, the comparison of the I-V curves of both samples is not 100% conclusive.
Nevertheless, it is a fact that small amounts of organic materials are incorporated into
subsequently deposited organic layers as it was shown by the PL analysis. This con-
tamination must be caused by a re-evaporation of small amounts of material from an
unknown place in the system. The fact that the contamination effect was observed for
three materials and these materials were situated in different furnaces leads to the as-
sumption that the source of re-evaporation is located after the gas streams from the three
furnaces are merged. Possible origins could therefore be the so-called E-tube, in which
the gas streams are brought together, the mixing unit for the gases, the showerhead and
the deposition chamber. The possible sources inside the deposition chamber are the lid,
the walls, the diffusion barrier, which is a quartz ring around the substrate holder, and
the shadow mask for structuring the organic deposition.
Each element listed above, except the shadow mask and the diffusion barrier, is actively
heated to an adjustable temperature. Several experiments were conducted in which the
temperatures of the components were varied and single layers for PL measurements were
deposited analog to before. By this, all actively heated components could be catego-
rized as unlikely as the source of the contamination, leaving the shadow mask and the
diffusion barrier as the only remaining options. Both these items are passively heated
by radiation from the showerhead while the shadow mask and the appurtenant holding
ring experience a certain degree of cooling from the underlying substrate which again is
located on the cooling block. Nevertheless, the temperature of the mask ring can rise up
to certain temperatures approximately higher than 100◦C. Still, this temperature appears
too low to cause the evaporation of even small amounts of molecules. The substrate
as cause of the contamination could be experimentally excluded by depositing the five
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segments of organic materials as described before. The only difference was, that the
substrate together with the shadow mask was removed from the deposition chamber for
three hours after the third segment had been coated with the dopant RE1. As a result
of this experiment, it was found that no contamination of segment four was observable,
which means that the mask itself cannot be the re-evaporation source. Due to this, it
was concluded that the diffusion barrier is passively heated by the CSS and the lid to
temperatures which are sufficient to re-evaporate small amounts of material which can
diffuse back to the substrate and be incorporated into subsequently deposited organic
layers. Back-diffusion is conceivable since the diffusion barrier is in the close vicinity of
the substrate. Diffusion processes are supported by the increased mean free path due to
the low pressure of 1 mbar as well as the enhanced thermal velocity of the gas molecules
due to the high temperature of the gas in the deposition chamber.
To solve this problem, an actively heated or cooled diffusion barrier could be employed.
Sufficient heating would prevent any condensation of organic materials on the quartz, but
would possibly change the temperature profile in the deposition chamber in an undesired
way. Since the distance between diffusion barrier and substrate is rather small, a heating
to high temperatures above 300◦C could result in a higher substrate temperature and
even worse, in a temperature gradient on the substrate. Therefore, an actively cooled
diffusion barrier, which would lead to sticking coefficients of approximately one for the
condensing organic materials, appears to be the favorable way.
10.2 Summary
In this chapter, the performance of white OLED with identical layer stacks produced
by VTE and OVPD was compared. A significant difference between both devices was
found in terms of chromaticity and efficiency. The emission of the OLED produced by
OVPD was shifted to the blueish regime which partly accounts for the reduced perfor-
mance. Nevertheless, the drop in efficiency which was observed was so drastic that the
different emission color could not be the only cause of the phenomenon. Several possible
causes were investigated and as a result, a minor contamination of organic layers with
previously deposited organic materials was found. Further experiments showed that this
effect vanishes after an idle time of approximately three hours is introduced between the
deposition of the single layers. The incorporation of previously deposited materials into
the phosphorescent EML could lead to a strong quenching of radiative recombination in
these layers and thus, to a reduced efficiency of the OVPD sample.
In addition to this, with the help of the HOMO and LUMO levels of the employed ma-
terials, it was found that previously deposited organic materials act as traps for holes in
the following layers which can lead to a reduced effective mobility for holes in these films.
On the other hand, the contaminations should not influence the electron transport. A
detailed comparison of the I-V characteristics of the VTE and the OVPD device in com-
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bination with simulated results from H. Heil showed that the difference in the I-V curves
may partly be ascribed to contaminations. On the other hand, contradictory results in
the SCLC regime were found which were substantiated by own simulations of a simplified
multilayer device with two charge carrier types.
A re-evaporation of small amounts of material was identified as the most probable cause.
Additional experiments to identify the source of re-evaporation showed that the most
likely one is the quartz diffusion barrier around the substrate which is passively heated by
the CSS.
As a possible solution to prevent this undesired re-evaporation, an actively cooled dif-
fusion barrier was suggested. An important conclusion for the future design of OVPD
systems is that all components in the gas stream have either to be actively heated or
cooled. This also applies for machine parts which are located downstream from the sub-
strate but still in its vicinity, since back-diffusion appears to play a role in contamination
processes.
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11 p-Doping with OVPD for Improved
Hole Injection and Transport
As described in chapter 3, electrical doping is an important means to enhance the current
injection from the electrodes, to reduce the voltage drop in the charge carrier transport
layers and thus, to achieve higher power efficiencies of OLED. The possibility to employ
electrical doping in an OVPD system has not been investigated so far. The utilization
of the dopant F4-TCNQ which was used in the VTE system (see Chapter 8) is out of
the question for OVPD as well as for any VTE production tool, in which the sources are
kept at high temperatures over a long period of time, due to its low thermal stability. In
addition to this, the minimal delayed deposition of organic materials which was found in
the previous chapter may limit the use of electrical dopants with the employed system
setup. In this chapter, a p-dopant, denominated as PD1, in combination with α-NPD as
matrix material was investigated. No information regarding the chemical structure or the
thermal stability of the dopant was available. Yet, the material was expected to have a
sufficient thermal stability to be employed in the OVPD system.
11.1 Organic Single Layers of p-Dopant and Single Layer
Devices of Host and p-Dopant
In a first step, the single layer deposition of PD1 without matrix material was investigated.
For this purpose, six segments of PD1 were deposited subsequently for 1000 s at a carrier
gas flow of 500 sccm onto a Si wafer. The resulting film thicknesses were measured by
ellipsometry and are visualized in Figure 11.1 on the left.
It can be seen that the six segments are not equally thick. Almost no deposition can be
observed on the first segment, on which a film thickness of only 0.5 nm was measured.
5.7 nm of material were deposited on the second segment at the same time and the
same source flow. On segments 3 to 6, the deposition rate appears to have stabilized.
Thicknesses of 6.1, 6.2, 6.3, and 6.1 nm were measured, respectively, resulting in an
average thickness of 6.2 nm for these last four segments. Since the deposition time was
1000 s for each segment, the deposition rate apparently becomes stable after more than
16 minutes and less than 32 minutes. Yet, the devolution of the deposition rate versus
the time until a stable rate is reached was unknown and could not be determined by the
means of ex-situ measurements. Therefore, on the right in Figure 11.1, the film thickness
was plotted versus the time and it was found that a Boltzmann fit is most suitable to
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Figure 11.1: Layer thickness of six segments of PD1 deposited subsequently for 1000 s at 500 sccm
on Si (left). Layer thickness versus time and Boltzmann fit (right).
reflect the behavior of material deposition. Usually, Boltzmann functions are used as
an approximation for Fermi functions to describe the occupation probability of energetic
states in semiconductors. Here, the result can be interpreted in a different way. The
function describes the deposition rate of the p-dopant versus time, or in other words,
the arrival rate of p-dopant molecules on the substrate versus time. For the first 1000 s,
no molecules arrive the surface, which means that the material which is picked up by
the carrier gas must remain somewhere between source container and substrate inside
the OVPD system. Between 1000 and 2000 s, there is a steep increase of molecules
arriving the substrate followed by a saturated deposition rate. This behavior leads to the
assumption that an absorption of p-dopant material on the surface of either the piping
or the showerhead inside the OVPD system is a possible explanation for the observed
behavior. In the first 1000 s, all material is adsorbed on the surface of the piping or the
showerhead. The steep increase of deposition rate reflects the saturation of the reactive
surface with p-dopant material. Once the surface is saturated, a stable deposition rate
is observable.
The material of the gas pipes is stainless steel, the showerhead is made out of aluminum.
p-dopants act as oxidants, therefore it is conceivable that a chemical reaction between
the organic material and the aluminum, which is prone to oxidation, takes place. This
could lead to a delayed deposition of the material on the substrate, which only reaches
the full deposition rate when the surface of the showerhead is completely covered by
the p-dopant. The Boltzmann fit suggests that this coating process is completed after
roughly 1900 s. Furthermore, a repetition of the segment run after a few days showed
the same behavior and consequently, the phenomenon is recurring and not a one-time
effect when the source is opened for the first time. Conclusively, the possible absorption
of the p-dopant is a temporary one and the material can re-evaporate from the aluminum
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surface. This should cause a pronounced procrastination of p-dopant deposition into the
subsequently deposited layers. Nevertheless, the duration of the re-evaporation is unclear.
It was found that 24 hours after the last use of the p-dopant, no further contamination
was detectable. It has to be noted that the procrastination of material which is observed
here is most probably of a different nature than the contamination found in the previous
chapter. There, a minimal re-evaporation of organic material from the diffusion barrier
was suspected. Here, an effect created by the chemically reactive dopant and a resulting
interaction with the aluminum showerhead is assumed. Especially the magnitude of the
contamination as well as the start-up effect which is observed for the p-dopant are a
distinction of these two phenomena.
To further investigate this effect and test if a contamination of subsequently deposited
organic layers can be found, experiments with organic single layers of the host material α-
NPD were conducted. 50 nm of the organic material were deposited on ITO and topped
by an Al cathode for I-V measurements. The usage of aluminum only on the cathode
side leads to a hole-only current in the layer due to the high injection barrier from Al
into α-NPD for electrons. If an effective doping of α-NPD takes place, the I-V curves
should exhibit higher currents compared to an undoped reference sample. In Figure 11.2,
an excerpt of the semi-logarithmic I-V curves of the investigated samples is displayed.
2 3 4 5 6 7
10
-4
10
-3
10
-2
10
-1
R0: undoped Reference
P1: p-doped layer
A0: no delay
A1: 1.0 h delay
A2: 2.0 h delay
A3: 3.5 h delay
C
u
rr
e
n
t
(A
)
Voltage (V)
Figure 11.2: Semi-logarithmic I-V characteristics of 50 nm organic single layers of α-NPD with and
without p-doping.
The black line represents the undoped reference sample denominated as R0. Before
samples A0-A3 were processed, a Si wafer was coated with PD1 for 5000 s to ensure
a full saturation of the showerhead surface with the p-dopant. Immediately afterwards,
50 nm of nominally undoped α-NPD were deposited on sample A0, samples A1, A2 and
A3 were produced after 1, 2 and 3.5 hours, respectively. The α-NPD layer of sample P1
was intentionally doped with PD1. For this purpose, only 1 nm of undoped host material
was deposited as a protection layer on the ITO at first. Afterwards, the source containing
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PD1 was opened for a lead time of 1200 s to ensure p-dopant deposition. After this,
49 nm of p-doped α-NPD with a relatively high doping concentration of about 15 vol%
were deposited. For all samples, the deposition rate of α-NPD was 0.04 nm/s. It can bee
seen that the currents in all other samples are higher than in the reference R0, suggesting
the presence of electrical doping. At a voltage of 4 V, the intentionally doped sample P1
shows a current of 90 mA which is 3.5 times higher than the one of 26 mA in R0. It strikes
that the conductivity of the nominally undoped sample A0 is even higher, namely 145 mA
at 4 V. A possible explanation could be that the doping concentration of 15% in P1 is
too high and the delayed deposition of the PD1 into sample A0 leads to a lower, more
favorable concentration. The behavior of samples A1 to A3 cannot be fully explained
by the thesis of material adsorption. It can be observed that the current in A1 drops to
62 mA at 4 V compared to 145 mA in A0. For A2 and A3, the conductivity recovers
and the samples exhibit currents of 85 and 111 mA, respectively. If p-dopant material
temporarily adsorbs to the aluminum of the showerhead and re-evaporates again, the
resulting contamination with PD1 should decrease over time and thus cause a decrease
of unintentional doping in the subsequently deposited layers A0-A3. This should lead
to I-V curves which converge towards the undoped reference sample, which cannot be
observed. Despite this uncertainty, it can be stated that p-doping of α-NPD with PD1
is possible. The results of investigations in regard to the question if OLED with p-doped
α-NPD could be produced with the employed OVPD system are presented in the next
section.
11.2 OLED with p-Doped Hole Transport Layer
The experiments of the previous section suggest a procrastination of p-dopant deposition
into subsequently deposited layers. If this assumption is true, it should be impossible to
produce efficient OLED with p-doped HTL in one run due to the fact that the PD1 con-
tamination in the EML would quench the EL. To verify this, four OLED were fabricated,
the first one with a p-doped HTL, the following three without intentional doping. All 4
devices were produced within a time frame of about 5 hours. As stated above, it was
expected that the OLED would show a poor efficiency, but the first device did not show
any EL all. The following three without p-doping exhibited poor luminances of 2, 15 and
50 cd/m2, respectively, at a voltage of 7 V. The reference sample showed a luminance
of 1100 cd/m2 at the same voltage. This result means that no OLED of high luminance
can be produced within 5 hours after opening the source container for the p-dopant. Due
to this, another way of fabrication was tried. p-Doped α-NPD layers were deposited in
a first step on ITO-coated glass substrates. 24 hours later, the remaining organic layers
of the OLED plus the LiF/Al cathode were processed. In the meantime, the substrates
with the α-NPD:PD1 layers were stored in an N2 glove-box without exposure to air.
Figure 11.3 shows the resulting I-V characteristics of the devices on the left as well as
the current efficiencies on the right.
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Figure 11.3: I-V characteristics (left) and current efficiency versus current density (right) of OLED
with p-doped HTL and an undoped reference device.
It has to be noted that no lead time was employed for the deposition of the p-doped
α-NPD layers. The deposition time for these films was 950 s for each of the four devices.
With an estimated stabilization time of 1900 s, as it was found in the previous section,
this means that almost no p-doping should be present in the first sample and a stable
concentration should have been achieved in samples 3 and 4. It can be seen from the
I-V characteristics in Figure 11.3 that the reference sample without p-doping exhibits the
highest current at all voltages. This result was unexpected, since it had been found that
p-doping of α-NPD leads to lower voltage drops across the HTL. Nevertheless, it has to
be noted that the reference sample was deposited without interrupting the process after
the deposition of the α-NPD layer. Therefore, the impact of the process interruption is
unknown. Without the reference sample, the devolution of I-V characteristics versus the
run number is conclusive, because the first sample with the lowest p-dopant concentra-
tion exhibits the flattest I-V curve. For the subsequently produced samples, these curves
become steeper, because the doping concentration and thus, the conductivity increases.
The expected stabilization for samples 3 and 4 could not be observed. Nevertheless, the
fact remains that the reference sample apparently exhibits a better conductivity which
means that the doping of the HTL did not have the desired effect, in this case. Possi-
bly, the vacuum break between the deposition of the p-doped layers and the remaining
samples caused a contamination of the surface of the HTL and lead to an additional
voltage drop in the device. The expected increase of p-dopant concentration in the HTL
could partly compensate this voltage drop and consequently cause the observed trend
in the I-V characteristics. Experiments regarding the possible adsorption of p-dopant to
the aluminum of the showerhead may be a promising way to proceed, but could not be
conducted within the scope of this work. If an interaction between p-dopant and alu-
minum was found, a possible solution could be the replacement of the Al showerhead by a
stainless steel version or the coating of the Al with a chemically more inert material. As a
further indicator in regard to an interaction between the showerhead and the p-dopant, it
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is worth to be mentioned that a staining around the showerhead inlet holes was observed
during maintenance works after the p-dopant was employed in the system.
11.3 Summary
In this chapter, the utilization of a p-dopant in the OVPD system was investigated. A
recurring start-up effect of material deposition of PD1 was found by subsequently coating
six segments on a Si wafer with the organic material. With the help of a Boltzmann fit,
the time until the full deposition rate is reached was estimated to be about 1900 s. A
temporary adsorption of the p-dopant on the Al showerhead followed by a subsequent
release of the organic material after the source container is closed was suggested as the
cause of the phenomenon. Nevertheless, it could be shown that electrical doping of α-
NPD with PD1 is possible in the OVPD system, if a lead time is employed to stabilize the
deposition rate of the dopant. Further experiments with p-doped HTL in OLED revealed
complete quenching of the EL by the procrastination of p-dopant deposition into the
subsequently deposited layers. Therefore, a two-step fabrication of OLED was tried, to
ensure an uncontaminated EML and prevent quenching. A vacuum break in between the
two production steps could not be avoided, but the samples were stored under nitrogen
in a glovebox without exposure to air. Nevertheless, all samples showed flatter I-V
characteristics compared to a reference sample. Maybe a surface contamination of the
p-doped HTL in the glovebox caused an additional voltage drop and rendered the results
questionable. To clarify the origin of the observed effects, further experiments in regard
to the chemical interaction of Al and the p-dopant were suggested. If the assumption
made here can be verified, a stainless steel showerhead may be the solution to produce
OLED with p-doped HTL by OVPD.
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Improvements
This chapter will summarize the findings in regard to technology-related aspects of this
work and give suggestions for potential technology improvements for OVPD tools. Three
major issues were identified which will be discussed in the following.
12.1 Reproducibility of Substrate Temperature
In Chapter 7, the general reproducibility of organic single layers as well as the one of
complete multilayer devices produced by OVPD was investigated. The RtR and DtD
stability for single layers in regard to film thickness proved to be excellent, which means
in general, OVPD film deposition is highly controllable. On the other hand, some short-
comings in regard to device reproducibility were discovered. In Chapter 9, the importance
of the coolant temperature TC as deposition parameter was shown using the example of
monochrome OLED. By changing TC for blue OLED, device efficiency could be altered
significantly. The same applies for phosphorescent red OLED. Nevertheless, it actually
is the substrate temperature which determines the deposition behavior of the molecules.
TC and substrate temperature are related, of course, but each substrate exhibits a slightly
different deviation from planarity. Consequently, the cooling effect of the substrate holder
will differ for each substrate as well, leading to unreproducible substrate temperatures.
The scatter in efficiencies for OLED can be ascribed to this effect. In order to improve the
RtR reproducibility of OLED, the substrate cooling of OVPD tools has to be reproducible
as well. To achieve this, the following options are conceivable:
• Improved planarity of substrates
The deviation from planarity of the substrates is conditional of manufacturing. An
improvement of the manufacturing process to produce substrates with improved
planarity is probably impossible. Furthermore, two planes which are brought in
contact will always touch in three points only unless they are perfectly planar,
which cannot be realized.
• Flexible surface of substrate holder
The substrate holder in OVPD tools should not be rigid but have a surface which
is flexible to some extent. A rigid surface allows no adaption to a bent substrate
bottom side. If a heat conducting and flexible material was applied to the surface,
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the contact between substrate and holder could possibly be improved. Screening
of different heat conducting foils showed that no suitable material is available. The
flexibility of the foils is limited and the weight of the substrate together with the
substrate holder is too low to allow the necessary deformation of the surface.
• Electrostatic chuck
Surely the most expensive, but nevertheless the most sophisticated solution to this
finding is the use of a substrate holder which includes an electrostatic chuck. With
the help of electrostatic attraction, the substrates are adhered to the holder which
leads to a planar contact and uniform cooling. Since different unevenness of sub-
strates are counterbalanced by this method, reproducibility should be significantly
improved.
In an ongoing modification of the OVPD system employed within this work, the
feature of an electrostatic chuck is implemented. First tests show very promising
results.
12.2 Prevention of Re-Evaporation of Organic Materials
In Chapter 10, the contamination of subsequently deposited organic films with previously
deposited materials was investigated. Small amounts of material which re-evaporate
from elements inside the deposition chamber may diffuse back to the substrate and be
incorporated into other organic materials, leading to undesired effects such as trapping
or quenching. Two possible solutions to this effect are thinkable, both resulting in an
active temperature control of all components in the gas stream. Either they have to be
heated to high temperatures which prevents any condensation of organic materials or they
need to be cooled to achieve a sticking coefficient of one for condensing molecules. The
first solution is likely to have a negative impact on the temperature distribution in the
deposition chamber and may even result in an inhomogeneous cooling of the substrate.
Therefore, the latter solution appears to be the most promising one.
12.3 Temporary Adsorption of Organic Materials
A pronounced start-up effect was observed when using a p-dopant in OVPD. After open-
ing the source container, the deposition rate of the material slowly rises and only becomes
stable after approximately 30 minutes. Furthermore, a procrastination of p-dopant depo-
sition for a period of time of more than five hours was detected. The problem was found
to be recurring after a waiting time of 24 hours.
In contrast to other organic materials used for the fabrication of OLED, p- and n-dopants
are chemically reactive and therefore may behave differently. p-Dopants act as oxidants
and it is conceivable that a temporary adsorption of the p-dopant on the aluminum show-
erhead takes place. This adsorption is followed by a subsequent (much slower) release
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of the organic material after the source container is closed. This issue could be solved
by replacing the aluminum showerhead with a stainless steel version or by coating with a
chemically inert material such as noble metal.
For further investigations, experiments in regard to possible reactions between metal
surfaces in the gas stream and p-dopants are recommended.
109
13 Summary and Conclusion
Beside the principle investigation of the OVPD technology, the major goal of this work
was to develop monochrome as well as white OLED in regard to lighting applications.
Certainly, monochrome OLED are mostly undesired for lighting purposes, nevertheless
their simpler device structure allows easier interpretation of experimental results on one
hand, and on the other hand they are the basis for white OLED.
The possibility to transfer optimized stacks from VTE to OVPD was investigated as well
as the impact of various additional OVPD process parameters on organic single layers
and on the performance of complete devices. In addition to this, novel device structures
were developed and optimized with OVPD.
Long-Living Fluorescent Blue OLED
A novel blue emitting fluorescent host/guest system was investigated in this work. Pre-
liminary experiments with special focus on the impact of a hole blocking layer (HBL) as
well as various hole and electron transport materials on the efficiency and lifetime were
conducted on a vacuum thermal evaporation (VTE) system.
It was found that the host material BH1 can be used as a HBL in the monochrome blue
OLED due to its limited hole transport capabilities. Usually, not the transport capabilities
of the materials but an offset in the highest occupied molecular orbital level is used to
achieve a hole blocking effect. Employing BH1 as HBL leads to a 28% increase in current
efficiency and allows the omittance of an additional HBL.
Experiments in regard to different hole transport layer/electron transport layer (HTL/ETL)
combinations showed that p-doped α-NPD as HTL together with BPhen as ETL lead to
the highest current and power efficiencies due to improved charge injection and transport.
The power efficiency at a luminance of 1000 cd/m2 could be increased by another 38%
from 3.2 to 4.4 lm/W compared to a reference sample. Nevertheless, this HTL/ETL com-
bination resulted in significantly lower lifetimes of the devices compared to α-NPD/Alq3
of the reference, probably due to the low glass transition temperature of BPhen. Since
the lifetime of the devices is a key issue for lighting applications, the latter ETL/HTL
combination was employed for the experiments on the OVPD system.
The VTE-developed stack was transferred to the OVPD system. It was found that
in general, stacks can be transferred from VTE to OVPD systems without the necessity
of major adaptations if the optimal process parameters for each material are known. The
deposition chamber pressure P and the substrate holder coolant temperature TC for the
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deposition of the BH1:BE1 emission layer (EML) and the BH1 HBL showed a significant
impact on the device performance. Atomic force microscopy (AFM) measurements were
conducted on organic single layers of BH1:BE1 which were deposited on plain glass sub-
strates at the same process conditions as in the device. A correlation between TC and
the rms roughness of the layers could be observed in such a way that lower TC resulted
in smoother layers. Furthermore, it could be seen that device efficiency increased with
decreasing roughness of the single layers.
An analog trend between P and the device efficiency via the single layer roughness was
not found. Yet, the deposition chamber pressure showed an influence on the device per-
formance which lead to the conclusion that another physical property of the EML beside
the roughness must be altered by P . Possibly, the orientation of molecules in organic
thin films can play a role as well without necessarily changing the roughness of the layers.
A theory for the formation of organic thin films is still pending.
Phosphorescent Red OLED
Employing separate hole injection and hole transport materials can lead to improved
injection and transport of holes. The disadvantage is a more complicated device stack
as well as longer cycle times and possibly higher hardware complexity for the deposition
systems. If an additional hole injection layer (HIL) is useful or not strongly depends on
the individual device stack and cannot be answered in general. Due to the detected
significant impact of the substrate temperature on the performance of blue OLED, the
question is if the advantageous tuning of TC can influence the hole injection and transport
as well.
The necessity of a separate HIL was investigated for a phosphorescent red OLED stack.
A strong influence of TC on the device performance was found in dependence on the
employed HIL/HTL stack. OLED with α-NPD only which were deposited at TC = 50◦C
showed a power efficiency being 160% higher than for OLED deposited at TC = 20◦C.
Thereby, the power efficiency for devices with α-NPD only exhibit comparable efficiencies
to devices including HIM1. AFM measurements which were conducted on organic single
layers revealed an influence of TC on the morphology of α-NPD films. While the rms
roughness of α-NPD did not change significantly, a coarser structure in the films deposited
at 50◦C could be observed. Within the investigated range of TC , no effect on the
morphology of HIM1 layers could be seen.
In conclusion, the selection of TC = 50◦C for α-NPD as HIL/HTL allows the omittance
of an additional HIL for the employed phosphorescent OLED.
Phosphorescent Green OLED with Twofold Emission Layer
Based on a previously developed phosphorescent green OLED stack, a novel twofold
EML was introduced. With the help of a Design of Experiments (DoE), the factors film
thickness and doping concentration for each portion of the EML were investigated. The
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current as well as the power efficiency were selected as response variables.
It was found that in regard to the current efficiency, the two thicknesses of the twofold
EML played the most crucial role. Selecting the high values for both layers (20 nm)
and the low values (7%) for the doping concentrations lead to the best efficiencies.
Conclusively, the usefulness of a DoE could be demonstrated.
On the other hand, the linear model does not seem to be sufficient to explain the changes
in the power efficiency. Additionally, the thickness and the doping concentration in CBP
showed to be insignificant for ηpower as response variable. At least one interaction came
close to be significant in the Pareto chart. An extended DoE with quadratic effects may
prove useful.
Nevertheless, introducing the twofold EML lead to a drastic increase in power efficiency.
At a luminance of 1000 cd/m2, ηpower could be improved by 79% from 19 to 34 lm/W.
This success can be attributed to a different location of the recombination area in the
devices. In the twofold EML device, less quenching by the HTL material as well as triplet-
triplet annihilation lowers the efficiency. In regards to optical micro cavity effects, the
twofold EML OLED has some room for improvement by increasing the distance between
recombination area and the metal cathode.
Hybrid White OLED
A white hybrid OLED stack combining a fluorescent blue host/guest system as well as
phosphorescent green and red emitters was transferred from VTE to OVPD. When com-
paring the device performance in regard to efficiency and chromaticity, an unexpected
tremendous difference between the OVPD and the VTE samples was found. The origi-
nally white color coordinates shifted to the blueish regime while the efficiency collapsed.
Probably, this drop in efficiency can partly be ascribed to the blueish emission, but the
effect is too pronounced to be caused by the shift in the chromaticity alone.
Further experiments revealed that for a time of 2-3 hours, small amounts of previously de-
posited material are incorporated into subsequently deposited organic layers. This delayed
deposition of material is likely to cause the observed difference of the OVPD-produced
white OLED to the VTE sample. On one hand, HIL/HTL materials which were de-
posited before will act as traps for holes in the organic layers deposited afterwards which
will lead to a reduced effective hole mobility in these layers. This will have negative con-
sequences on the charge balance in the device and shift the recombination zone towards
the anode, which explains the blueish emission. Furthermore, the contamination of the
phosphorescent layers with small quantities of the fluorescent host/guest system will lead
to quenching of the emission and thus, to reduced efficiencies.
In regard to the origin of this contamination, it is likely that small amounts of material can
re-evaporate from components inside the gas stream and diffuse back to the substrate.
This effect occurs if parts are not actively heated or cooled so that either material cannot
condense on the surface or, in the case of cooling, sticks there without re-evaporation.
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